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Abstract
The production of RAPD fingerprints from a selection of 84 Rhizobium and 
Bracfyrhizobium isolates was possible using three random primers, SPH1, SPH3 and 
SPH7, in single and double primed amplification reactions. Statistical analysis (PCO 
and Cluster Analysis) of the RAPDs permitted classification of the strains into their 
respective species. Primer SPH1 produced the best fingerprints for strain classification 
although the use of SPH3 and SPH7, in a double primed reaction, resulted in a better 
separation of R. leguminosarum biovars trifolii and viciae.
A series of potential species- and strain-specific bands were identified from the 
RAPD fingerprints and labelled with the non-isotopic Digoxigenin marker. These 
probes were used to study rhizobial isolates by hybridisation to colony blots and 
Southern blots of restriction digested genomic DNA. Results generally concurred with 
those from RAPD analysis but also indicated that none of the probes were in fact 
species-specific. Only one strain-specific probe was identified as useful for these 
purposes although results indicated that several others may be of use for species- 
specific studies.
It was concluded that RAPD fingerprinting is of use for taxonomic studies of 
Rhizobium and that it can provide a method of producing species- and strain-specific 






In the area of plant-microbe interactions, the symbiotic relationship between the 
leguminous plants and the bacteria of the genera Rhizobium and Bradyrhizobium has a 
special significance. The leguminous plants include alfalfa, beans, clover and peas, all 
of which are of economic and agricultural importance. When a leguminous plant is 
infected with an appropriate Rhizobium or Bradyrhizobium the resultant root nodule 
has the ability to fix gaseous nitrogen. Levels of nitrogen fixation have been calculated 
at between 50 and 300 Kg of nitrogen fixed hectare'1 year'1 depending on the species 
of Rhizobium employed. This is over 100 times more nitrogen fixed hectare"1 year'1 
than is obtained from free living species such as those of the family Azobacteraceae 
(Campbell, 1985). This value of the legumQ-Rhizobium symbiotic relationship is of 
great agricultural significance, especially in areas with poor, unfertilised soils.
Rhizobium Microbiology:
Species of the genera Rhizobium and Bradyrhizobium are soil-dwelling bacteria 
which are capable of nodulating leguminous plants and fixing nitrogen. The bacteria 
exist in two states, the free-living state and the bacteroid state. The free-living bacteria 
are found in soil whilst the larger (about 2 pm) bacteroid state is found only in nodules. 
Only the bacteroid is capable of fixing nitrogen.
The formation of root nodules on leguminous plants is controlled by chemical 
interactions between both the plant and the Rhizobium bacteria. The host plant and 
Rhizobium strain are attracted to each other by these chemical interactions, and by the 
use of non-polar flagella the Rhizobium isolates move toward the plant root hairs. The 
Rhizobium initiates the formation of a nodule by invading the root hair. Invasion of the 
root hair causes a localised cell growth in that region which results in the formation of 
a nodule. The invading bacteria then multiply to fill the available space before nitrogen 
fixation starts. Active nitrogen fixing nodules can be identified by their pinkish hue
which is caused by the presence of leghaemoglobin, an oxygen carrier which protects 
the oxygen-sensitive, nitrogen-fixing, nitrogenase enzyme.
Both nodulation and nitrogen fixation are under the control of genes (nod and 
n if respectively) which are located on the Sym (Symbiotic) plasmid. A size variation 
between Sym plasmids from various Rhizobium species has been reported. DeJong et 
al.y (1982), who transferred Sym plasmids between isolates in order to improve 
symbiotic properties, report finding Sym plasmids of 190 MDaltons (pRL6JI) and 220 
MDa (pRLlOJI) in R  leguminosarum (now R  leguminosarum bv viciae) isolates. 
Soberon-Chavez etal., (1986), who studied a Sym plasmid from R  leguminosarum bv 
phaseoli report its size to be about 400 Kb.
The Sym plasmid is only one of a collection of large plasmids carried by 
Rhizobium species. These range in size between 50 MDa and lOOOMDa, with the 
numbers per strain varying between 1 and about 8 (Djordevic et al., 1982; Prakash and 
Atherley, 1986). Some of these plasmids remain cryptic, i.e. their function is unknown. 
The large amounts of plasmid DNA observed in some strains can amount to about 
25% o f the total genomic DNA content, this having been estimated at about 5.4-7.6 
xlO9 Da (Chakraborti et al., 1983). Estimates of 5379 Kb (R. meliloti) and 6195 Kb 
(B . japonicum) have also been made by Sobral et al., (1991) who calculated these 
sizes from DNA fragment sizes resulting from DNA digestion with Spel, a rare cutting 
enzyme.
The formation of the symbiotic legame-Rhizobium relationship is not achieved 
randomly, but by a highly selective method. Only a small, specific number of 
Rhizobium or Bradyrhizobium are able to form effective nodules with each legume 
type. The classification of Rhizobium was, therefore, originally based on the ability of 
the bacteria to form nodules with specific plants. Recently it has been found that 
certain legumes such as beans (Phaseolus) are somewhat promiscuous in their nodule 
formation with Rhizobium isolates. This has resulted in an incorrect classification of 
some strains. In order to correctly classify the Rhizobium and Bradyrhizobium it is 
necessary to understand the basic concepts of bacterial classification.
Bacterial Classification:
Bacterial classification involves the grouping of micro-organisms based on their 
relationship to other micro-organisms. This process follows strict taxonomic rules, but, 
once established it should be possible to identify new organisms and to categorise them 
within the classification system.
In order to classify any biological system it is first necessary to define a basic 
taxonomic unit. The accepted unit for classification purposes is the species. When 
studying higher organisms species are readily identifiable by their reproductive 
isolation, however, bacterial species are not so easily defined. A good working 
definition of a bacterial species is "a group of strains that show a high degree of overall 
phenotypic similarity and that differ from related strain groups with respect to many 
independent characteristics" (Stanier et al., 1987).
Genetic variation within micro-organisms permits sub-divisions, known as 
subspecies, of the species to be defined. It is often desirable to identify or define 
subspecies or individual strains from a particular species. For example certain strains 
from a species produce toxins or are pathogenically virulent whereas other members of 
this species are harmless. In this case it would be useful to be able to identify the 
harmful strains so counter-measures to their pathogenicity or toxicity can be 
developed. In the case of Rhizobium it is useful to be able to identify those strains 
which are efficient nitrogen fixers (nod*) or conversely those that are incapable of 
nitrogen fixing (nod~). Obviously those strains which lack the ability to fix nitrogen 
would be of no use as inoculum whereas those which are effective fixers would be 
more suited to this purpose.
Traditional methods of bacterial classification include Gram reactions, 
morphology, ability to utilise various carbon, nitrogen and sulphur sources, symbiotic 
relationships and antibiotic sensitivity. Using these and other methods Rhizobium and 
Bradyrhizobium have been identified as belonging to the taxonomic group of Gram- 
negative, aerobic rods and cocci. This large taxonomic group consists of several other
bacterial families including the Pseudomonadaceae, Legionellaceae, and the 
Azobacteraceaea. Many species of the first two families are pathogenic and include 
Pseudomonas aeruginosa (a human pathogen), the Xanthomonas species (all of which 
are plant pathogens) and Legionella pneumophila (the causal agent of Legionnaires 
diseases). This pathogenic ability is observed in the genera of the Rhizobiaceae family 
such as species of Agrobacterium, which are plant pathogens, and the species of 
Rhizobium and Bradyrhizobium which can be regarded as specialised plant pathogens. 
Agrobacterium species, however, are unable to fix nitrogen whereas species of 
Rhizobium and Bradyrhizobium are capable of this when in association with an 
appropriate leguminous plant. Species of the family Azobacteraceae are also capable of 
nitrogen fixation although this is achieved when the bacteria are in a free living state. 
These bacteria, in fact, have no pathogenic tendencies and always remain as free living 
soil bacteria.
Although Rhizobium, Bradyrhizobium and the Azobacteraceae account for a 
large number of the nitrogen fixing bacteria they are not the only ones capable of this. 
The other major group of nitrogen fixers are actinomycetes of the genus Frankia. 
These bacteria, like the Rhizobium, fix nitrogen when in symbiosis with plants, 
however, these are non-leguminous plants and include trees such as Alder (Alnus) and 
also pioneering plants which colonise poor soils. Little work has been carried out on 
these bacteria although it is believed that they infect the roots of their respective plants 
in a manner similar to that seen in Rhizobium-legume interactions. However, it is 
known that the Frankia-non-legume interactions fix about half the amount of nitrogen 
(about 10-180 Kg hectare"1 year-1) that the Rhizobium-legamG interactions do. This is, 
however, still a greater amount than is fixed by free-living bacteria and is economically 
important especially in forestry situations.
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Techniques for Bacterial Identification:
In population studies of bacterial species, including Rhizobium, it is often 
desirable to use identification methods which not only distinguish among strains but 
also provide information that can be used to study populations for classification and 
identification purposes. A wide variety of techniques have been employed to study 
Rhizobium populations. These methods, which are described below, have included 
serological methods, electrophoretic studies of cellular proteins, antibiotic resistance 
and molecular techniques such as observation of restriction digest patterns and use of 
gene probes. Several of these methods have been used as complements to other 
techniques in order to confirm observations. Differences between results obtained with 
the various techniques testify to the variation that exists between the Rhizobium 
species and highlight the need to use several assays and not to rely upon one. These 
differences also indicate some of the problems encountered when attempting to 
perform bacterial classification.
Intrinsic Antibiotic Resistance AAR):
The ability of a bacterial strain to grow in the presence of an antibiotic indicates 
the presence, within the strain, of resistance genes. This resistance to antibiotics is 
known as the Intrinsic Antibiotic Resistance (IAR) of the isolate and can be employed 
to identify the bacterial strain. IAR profiles for individual isolates can be produced by 
scoring the ability of each isolate to grow in the presence of a variety of antibiotics. 
Each strain is then given a profile based on its resistance or sensitivity to each 
antibiotic. These profiles can be used for statistical analysis of the bacterial population.
IAR has been a method of bacterial strain identification favoured by some
researchers and has been used on studies of diversity of Rhizobium species (Sinclair
and Eaglesham, 1984; Glynn et a l , 1985; Turco and Bezdicek, 1987; Brockman and
Bezdicek, 1989), Bradyrhizobium species (Meyer and Pueppke, 1980; Sadowsky et
a l, 1987b), Frankia species (Carrasco et a l, 1995) and in tests on preference
inheritance for strains of R. leguminosarum biovar trifolii by white clover (Trifolium
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repens) (Hardarson and Jones, 1979). Me Laughlin et al., (1984) used IAR to classify 
natural Rhizobium populations in a field prior to the introduction of an inoculum strain. 
They found that the longest surviving inoculum strain had a similar IAR pattern to 
50% of the natural isolates. The technique of IAR and its usefulness in identification of 
Rhizobium strains has been questioned by Stein et al, (1982) and Chanway and Holl 
(1986). Both groups reported inconsistencies with IAR, even among different colonies 
of the same strain, although serological methods used for comparison allowed 
unambiguous strain identification. Stein et a l , (1982) have even reported that 
variations could be induced by changes in incubation time and inoculum concentration. 
Sadowsky et a l , (1987b) who studied the relationship between genetic diversity and 
nodulation ability in B. japonicum also reported finding no correlation between IAR 
and strain nodulation ability although SDS-PAGE and restriction digest patterns did 
produce a positive correlation with nodulation abilities. The use of IAR to divide 
strains between two serologically based clusters has been reported by Turco and 
Bezdicek, (1987) who suggested that antibiotic resistance could be the result of cell 
wall changes hence the serological differences. Brockman and Bezdicek (1989) also 
report a correlation between serogroup and IAR among strains of R. leguminosarum 
biovar viciae. Glynn et al, (1985) report a correlation between IAR and both plasmid 
profiles and restriction digest patterns of strains of R. leguminosarum biovar trifolii. 
Bromfield et al., (1982) also used IAR to differentiate strains of Rhizobium. They 
found that 15 of the 16 isolates of R. leguminosarum biovar phaseoli could be 
identified using this technique and that results correlated with fluorescent antibody 
tests. However, it was found that slow growing Rhizobium isolates could not be 
clearly differentiated using IAR screening. These observations appear to indicate that 
for certain applications IAR could provide a rapid and sensitive test for screening 
Rhizobium strains. However, for the purposes of identifying Rhizobium strains within a 
natural population it is not necessarily the best method to use. Chanway and Holl 
(1986) have reported that IAR results from mixed cultures were not totally reliable in 
identifying individual strains. They even report that, in some cases, strains revealed
IAR patterns which were composites of both inocula thus suggesting genetic exchange 
has occurred. If this is the result with only two strains the possible combinations within 
a soil community would be limitless thus rendering IAR screening useless.
One of the major problems with IAR is the need to  ;ulture each strain in order 
to ascertain its particular antibiotic resistance characteristic. In a mixed population 
this would involve slow, laborious work and may not even be possible. Given the 
alternative approaches, some of which are faster, more sensitive and reproducible, IAR 
does not appear to be the best method available for strain identification. One of the 
alternative methods for strain identification is the use of serological techniques.
Serology.
The use of various serological methods to tag outer membrane structures of 
bacterial cells with antibodies have been reported and developed over the past several 
years. A large, comprehensive review of the serological techniques applicable to plant 
bacterial studies, at the time, was carried out by Schaad (1979). This review included 
the techniques of agglutination and gel immunodiffusion, both of which result in the 
formation of a visible precipitate, the former in a solution and the later as a line on an 
agar plate. The use of tube agglutination and gel immunodiffusion has reported in the 
study of R. leguminosarum biovar trifolii (Dughri and Bottomley, 1983, 1984) and R. 
meliloti (Fuquay et a l , 1984). Dughri and Bottomley, (1983, 1984) categorised strains 
of R. leguminosarum biovar trifolii, isolated from nodules of subterranean clover 
(Trifolium subterraneum L.), into four serogroups while Fuquay et al., (1984) 
identified five serogroups within isolates of R. meliloti. The serogroups, identified by 
Fuquay et al., (1984), agreed with strain groupings based protein profiles.
The technique of Enzyme-Linked Immunosorbent Assay (ELISA) involves 
fixing the antigen to a plastic support (usually a micro-titre plate). A solution of 
antibodies is added to the well and antibodies attach to the antigen. This solution is 
removed and unbound antibodies are washed away before a second antibody, with an
enzyme moiety, is added. This second antibody binds to the first antibody and any
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excess is removed before the amount of bound enzyme-linked antibody is detected, 
usually by a colour reaction. Colour intensities can then be used to determine the 
original antigen concentration. ELISA has been used to study a variety of species of 
Rhizobium (Kishinevsky and Bar-Joseph, 1978; Berger et a l , 1979; Morley and Jones, 
1980; Ahmad et a l, 1981; Jones and Morley, 1981; Martensson et a l, 1984; Wright et 
a l, 1986; Martensson et a l, 1987) and has been modified in order to improve 
specificity. Kishinevsky and Bar-Joseph (1978) used ELISA to confirm agglutination 
and immunodiffusion results from Rhizobium isolated from peanut plants (Arachis 
hypogaea). Improvements to the ELISA technique described by Kishinevsky and Bar- 
Joseph (1978) have been made by Berger et al, (1979) who used a double antibody 
'sandwich' by producing rabbit antibodies to the Rhizobium cells and then producing 
sheep antibodies to the rabbit antibodies. The enzyme, alkaline phosphate, was 
attached to the sheep antibodies. Berger et a l, (1979) used this method to identify 
Rhizobium cultures and isolates extracted from lentil nodules. Further improvements 
where made by Morley and Jones, (1980) and Martensson et a l, (1984) who provided 
a fluorescent substrate and changed the enzyme alkaline phosphatase for B- 
galactosidase respectively. Wright et a l, (1986) subsequently produced monoclonal 
antibodies to Rhizobium leguminosarum biovar trifolii by growing a cell culture of 
spleen cells from immunised mice. These antibodies were employed to identify an 
inoculum strain from the root nodules of clover grown in unsterilised soils. The results 
indicated that the use of monoclonal antibodies further improved the specificity of the 
ELISA technique.
A further serological technique reported as useful for Rhizobium identification 
utilises fluorescent antibodies. The technique has been used to study competition of 
nodulation among various strains of R  leguminosarum biovar viciae on lentils (May 
and Bohlool, 1983) and R.japonicum on soybeans (Moawad et a l, 1984). Robert and 
Schmidt, (1983) have reported the use of fluorescent antibodies in their work on the 
population changes and persistence of an introduced R. leguminosarum biovar 
phaseoli strain into soil containing a resident, natural population of such bacteria.
Fluorescent antibodies have also been used in conjunction with intrinsic antibiotic 
resistance to study possible factors which could effect the ability to recover certain 
strains of R. leguminosarum biovar viciae (Turco and Bezdicek, 1987).
Although of importance in the study of population dynamics, especially in 
relation to persistence of introduced inoculum strains into the soil, the use of 
fluorescent antibodies does have a major disadvantage; the need to culture the target 
strain in order that antibodies can be produced. The requirement to produce antibodies 
from a pure culture necessarily means that those Rhizobium strains for which no 
isolation technique has been developed cannot be identified. A further problem with 
this technique is the lack of specificity which can result in inaccurate results owing to 
cross-reactivity. For the purposes of single strain identification this is not acceptable. A 
report by Ames-Gottfred et a l, (1989) on the use of Chrome Azurol S agar plates to 
complement serological techniques may be of use in overcoming problems of cross- 
reactivity observed with Fluorescent antibodies.
The use of other techniques such as isoenzyme electrophoresis can also be used 
as a means of identifying individual strains and so overcome the problems faced when 
using serological methods. By elucidating several profiles on one gel it is also possible 
to provide comparisons between strains.
Isoenzyme electrophoresis:
The use of isoenzyme patterns for bacterial classification has been described for 
many bacterial species including Escherichia coli (Ochman et a l , 1983; Whittam et 
a l , 1983; Ochman and Selander, 1984), Shigella (Ochman et a l , 1983), Bordetella 
(Musser et a l , 1986) and Penicillium (Cruickshank and Pitt, 1987). Two reviews by 
Selander et a l , (1986) and Selander et a l , (1987) describe the methods employed in 
producing multi-locus enzyme electrophoretic patterns and also the main uses of these 
patterns for studies of bacterial population genetics.
Reports of electrophoretic separation of cellular proteins in Rhizobium for 
studies of enzymatic polymorphism can be found as early as 1969 (Fottrell and O'Hora,
1969). However, early researchers used paper electrophoresis and starch gel
electrophoresis in the study of polymorphisms of only one type of enzyme such as 3-
Hydroxybutyrate Dehyrogenase (Fottrell and O'Hora, 1969) or the esterases (Murphy
and Masterson, 1970). In conjunction with the study of polymorphisms of more than
one enzyme, polyacrylamide gel electrophoresis (PAGE) began to supersede the
techniques of paper electrophoresis and starch gel electrophoresis, although Engvild
and Neilsen (1985) used starch gels to study isoenzymes of five, mainly pea or vetch,
Rhizobium enzymes. In that study they found it was possible to cluster the isolates into
groups based on isoenzyme patterns. PAGE of Rhizobium isoenzymes has been
described by Mytton et al., (1977) and used for population studies on the species R.
leguminosarum biovars viciae (Young, 1985; Young et a l, 1987; Segovia et a l,
1991), trifolii (Young, 1985; Harrison et a l, 1987, 1989a, b) and phaseoli (Young,
1985; Pinero et a l, 1988) and the species R. meliloti (Young, 1985). The study by
Young, (1985) found that most R. meliloti isolates were distinct from the R.
leguminosarum species. It also revealed a limited number of electrophoretic types
(ETs) (three in R. meliloti and 14 R. leguminosarum) were present in all isolates and
that some were present in only one biovar of the R. leguminosarum while others were
shared between the three biovars, trifolii, viciae and phaseoli. The study by Young et
a l, (1987) revealed the presence of variations in ETs between strains isolated from the
lateral or primary roots of pea plants. This study also found a large diversity in ETs on
each plant although overall ETs per plant were quite similar. Harrison et a l, (1989a)
showed that there were few alleles per enzyme loci but that at the three sites examined
differences in strain polymorphism could be detected. Harrison et al., (1989b)
employed ETs to examine host strain preference for a range of R. leguminosarum bv
trifolii isolates. This study revealed no preference for a particular ET and also
indicated that there was no change in the strain competitiveness following serial
dilution of soil samples. Work by Pinero et al., (1988) indicated that although there
was little change at each enzyme loci overall the strains comprising R. leguminosarum
bv phaseoli were not highly related but most likely comprised a mixed assemblage of
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strains. They suggest that chromosomal variants, such as ETs, rather than plasmid 
borne variations would provide a more reliable method of taxonomically classifying the 
Rhizobium species.
The use of Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) in conjunction with other identification techniques (as described above) has 
been reported for studies on populations of R. leguminosarum and R. meliloti. Dughri 
and Bottomley, (1983, 1984) employed SDS-PAGE to elucidate protein profiles oiR. 
leguminosarum bv trifolii strains previously grouped into serogroups based on the 
results of agglutination tests. They found that many strains of the same serogroup had 
similar protein patterns but that among strains of serogroup 27 (the dominant group in 
limed, acidic soils) there were four and five strains types in the two serotypes 27-A and 
27-B respectively. Demezas et a l, (1991) found 16 ETs in a collection of strains from 
R. leguminosarum bvs trifolii and viciae and R. meliloti. They also found that RFLPs, 
produced using two chromosomal DNA probes, correlated with the ET findings. A 
study of B. japonicum isolates by Kamicker and Brill, (1986) indicated that ETs were 
more useful, than serotyping, for strain identification in this species. They also found 
that of the 543 nodule isolates examined none were from the two inoculum strains 
used but were all indigenous isolates. Sadowsky et a l , (1987b) used SDS-PAGE and 
other techniques to study 20 isolates of B. japonicum serogroup 123. In this study they 
found a correlation between SDS-PAGE groupings and the nodulation ability of the 
isolates which was confirmed with genomic DNA digestion patterns and RFLPs 
produced using a nifHD gene probe. Other groups have employed SDS-PAGE to 
examined, meliloti isolates. In a study of 232 isolates Eardly et a l , (1990) identified 
50 distinct ETs which were used to reveal the presence of two subgroups within the 
species R. meliloti. Fuquay et a l , (1984) used SDS-PAGE to assess protein profiles 
from R. meliloti isolates prior to creating antisera to these strains. They suggested that 
SDS-PAGE provided a useful method of screening a Rhizobium population to ensure 
that specific antisera production is representative of the whole population. A recent 
study by Delajudie et al., (1994) of 80 isolates from Sesbania and Acacia growing in
Senegal (W. Africa) indicated that 50 strains could be clustered into three ETs whilst 
the remaining 30 strains could not be grouped. Two of the three ETs differed from 
groups containing reference strains, which had been employed to provide a 
comparison. Further investigations, using various other characteristics including DNA- 
DNA hybridisation and 16S rRNA sequencing, lead Delajudie et al. (1994) to propose 
amending the genus Sinorhizobium by adding three new species, one of which is 
presently classified as R. meliloti.
Although providing a powerful tool for the study of population genetics, gel 
electrophoresis of isoenzymes may give a biased description of natural bacterial 
populations. Estimations that only two-thirds of amino acid substitutions (or 25 
percent of point mutations at the DNA level) result in a change in the net electrical 
charge within a protein have been reported by Ayala, (1982). This means that some 
variations among bacteria may go undetected by the use of the SDS-PAGE method. 
Identification techniques that act at the molecular DNA level should be more 
discriminating and therefore overcoming these problems.
Molecular techniques:
Plasmid profiling’.
Molecular analytical techniques which have been used to study Rhizobium 
populations include plasmid profiling (Glynn et a l, 1985; Meade et a l, 1985; 
Bromfield et a l, 1987; Broughton et a l, 1987; Mozo et a l, 1988; Brockman and 
Bezdicek, 1989; Harrison et a l, 1989a, b; Hartmann and Amarger, 1991; Laguerre et 
a l, 1992a, b). One of the major problems encountered when trying to study the large 
plasmids (including the symbiotic [Sym] plasmids) of Rhizobium is that of breakage 
which is easily done when manipulating such large and delicate structures. For this 
reason manipulation must be kept to a minimum. The technique of direct lysis of the 
cells in the agarose gels, as first used by Eckhardt to analyse Eschericia coli plasmids
14
(Eckhardt, 1978), is now the most widely used method for obtaining plasmid profiles 
from Rhizobium strains.
Broughton et al., (1987) used plasmid profiles to investigate the process of 
symbiotic plasmid transfer among R. meliloti strains in the rhizosphere of Medicago 
sativa. Plasmid profiles have been used to study population diversity among strains of 
Rhizobium isolated from a variety of origins (Glynn et al., 1985; Mozo et a l, 1988; 
Harrison et a l, 1989a). Brockman and Bezdicek (1989) and Laguerre et a l, (1992a, 
b) also employed plasmid profiling to study variation in natural populations, however, 
they used isolates from a limited source. Meade et a l, (1985) and Harrison et a l, 
(1989b) used plasmid profiling in investigations of Rhizobium strain competition. 
Meade's group employed the technique for investigations on an inoculum strain 
whereas Harrison et al, studied natural populations by searching for the predominance 
of one strain. Hartmann and Amarger, (1991) used plasmid profiles to compare a 
collection of nodulating R. meliloti isolates to a commercially used R. meliloti strain. 
Following confirmation of their observations with restriction digests and Insertion 
Sequence (IS) fingerprints they concluded that plasmid profiling was an acceptable 
method of assessing population diversity.
Plasmid profiles were employed by Burr et a l, (1995) to study Agrobacterium 
vitis isolates in decaying grape roots and canes. This group initially inoculated the 
groups with six strains, all of which had unique plasmid profiles. They examined the 
profiles of isolates recovered over a period of 23 months and found some isolates were 
recovered more frequently than others, but that each isolate was recovered at least 
twice in that time. Only 18 from 133 profile observed were not associated with the 
original inoculum strains.
Prior to this, plasmids were characterised on the basis of their size (Nuti et a l, 
1977; Casse et a l, 1979; Spitzbarth et a l, 1979; Tichy and Lotz, 1981; Mink and Sik, 
1983; Burkardt and Burkardt, 1984), sequence homology (Jouanin et a l, 1981) and 
various other traits which have been described in a review article (Denaire et a l,
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1981). The use of DNA homology in conjunction with other typing techniques led 
Jarvis et a l , (1982) to propose that a new species, R. loti, should be formed.
DNA probes'.
Further studies of DNA homology led to the development of species-specific 
and strain-specific probes which can be employed for identification of particular 
species or strains. Bjourson and Cooper, (1988) used strain-specific probes, isolated 
using two different subtraction-hybridisation techniques (mixed-phase [heterogeneous] 
and single-phase [homogeneous]), to distinguish among different isolates of R. loti. 
Symbiotic-specific DNA probes, have been used by Krol et a l, (1982), Watson and 
Schofield, (1985), Schofield et a l, (1987), Mozo et a l, (1988), Young and Wexler 
(1988) and Engvild et a l, (1990) to examine differences in the three biovars of R. 
leguminosarum. Hodgson and Roberts, (1983) also used strain-specific probes and 
colony hybridisation to identify R. trifolii strains occupying nodules on clover. Species- 
specific probes have also been used to evaluate Rhizobium from soil samples 
(Fredrickson et a l, 1988; Linne von Berg and Bothe, 1992) and from crushed root 
nodules (Cooper et al, 1987). Holben et a l, (1988) used a DNA sequence, unique to 
a B. japonicum strain, as a probe to detect its presence in a soil sample. Fredrickson et 
a l, (1988) used the transposon Tn5 as a marker to trace R. leguminosarum biovar 
viciae and Pseudomonas putida in soil. They also employed other techniques such as 
plate counts and fluorescent antibody analysis in support and report comparable results 
for all methods used. DNA probes (nif and 16S rRNA genes) and other techniques 
have also been used to study the genus Frankia. These have been described in a review 
by Lechevalier (1994). The use of insertion sequences (IS) as probes has also been 
reported by Wheatcroft and Watson, (1987, 1988a, b), Hartmann and Amarger, 
(1991), Simon et a l, (1991) and Rosier et al, (1993).
DNA hybridisation was also used by Laguerre et a l, (1992b), to study plasmid
profiles and RFLP patterns using plasmid and chromosomal specific probes. Their
results indicate that chromosomal probes alone could not be used for classification
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purposes although symbiotic plasmid probes could. They also identified one group of 
strains, isolated from beans, which showed no similarity to the species R. 
leguminosarum. A second group they isolated displayed a greater affinity with R. 
leguminosarum biovars trifolii and viciae than with R. leguminosarum biovar 
phaseoli. They concluded that this could be due to the low inoculation specificity of 
the host plant, Phaseolus vulgaris.
DNA Fingerprinting Techniques'.
Restriction Digest Patterns:
One of the simplest methods to produce DNA fingerprints is to digest the total 
genomic DNA with restriction enzymes. The cleaved DNA can then be separated by 
gel electrophoresis to produce a DNA profile which can be employed for classification 
purposes. Mielenz et al., (1979) used this method to differentiate between strains of R. 
trifolii, R. meliloti and R. japonicum. This group also used the patterns to show that 
R. trifolii mutants, which nodulated soybean, where derivatives of a strain of R  
japonicum. Schulz et al., (1993) used the rare cutting enzymes Xbal, Sfil and Spel to 
digest DNA from A. vitis. They separated the fragments using pulsed field gel 
electrophoresis (PFGE) and were able to classify the strains into six groups based on 
their restriction digest patterns. They also found a correlation between RFLP patterns, 
produced using IS, and each group identified from digest pattern analysis. DNA 
restriction patterns have also been employed, in conjunction with other techniques 
including IAR, SDS-PAGE and plasmid profiling to study R. trifolii (Glynn et a l , 
1985) and B. japonicum (Sadowsky et al., 1987b). Laguerre et al., (1992a) also used 
DNA restriction patterns in conjunction with plasmid profiling and RFLPs to study 
field populations of R. leguminosarum biovar viciae. Hartmann and Amarger, (1991) 
used restriction digest patterns to confirm observations made from plasmid profile 
analysis.
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DNA restriction patterns, although quite easily produced, are complex and not 
easily interpreted, especially at the extremes of the digested DNA size range. The use 
of labelled DNA probes to produce hybridisation patterns provides a better method of 
studying these digests as the final profile is much simpler and easier to interpret.
The production of these patterns from restriction digested DNA involves 
transferring the DNA to a solid support prior to hybridising it with a labelled DNA 
probe. The method of DNA transfer and detection as first described by Southern, 
(1975) is still used extensively with small modifications as necessary.
Restriction Fragment Length Polymorphism (RFLP) :
Restriction Fragment Length Polymorphisms (RFLPs) can be used to study a 
wide variety of biological organisms including prokaryotic and eukaryotic species. 
Reports have been made of the use of RFLPs for studies of mammalian species 
including man (Botstein et a l , 1980) and horses (Hopkins et al., 1991). RFLPs have 
also been used to study plant species including beans (Phaseolus vulgaris) (Nodari et 
al., 1993 a, b). Bacterial species have also been studied using RFLPs. This includes 
useful bacteria such as Lactobacillus helveticus (de los Reyes-Gavilan et al., 1992) and 
plant pathogens such as Xanthomonas campestris (Gabriel et a l , 1988). RFLPs have 
also been employed in the study of most Rhizobial species including B. japonicum 
(Stanley et a l, 1985; Gibson et al, 1990; Hartmann et a l, 1992; Vanberkum et a l, 
1993; Madrzak et al, 1995), R. meliloti (Hartmann and Amarger, 1991; Simon et a l, 
1991; Rosier et al, 1993; Brunei et a l, 1996; Paffetti et a l, 1996), R. tropici 
(Geniaux et al., 1993), R. galegae (Nick and Lindstrom, 1994; Selenskapobell et a l, 
1995), R. leguminosarum (Laguerre e ta l, 1992b; Hirsch et al., 1993), and the specific 
biovars, R. leguminosarum biovar trifolii (Demezas et a l, 1991, 1995), biovar viciae 
(Laguerre et a l, 1992a) and biovarphaseoli (Geniaux et a l, 1993).
Geniaux et a l, (1993) used several DNA probes, including a nifH probe, to
generate RFLP patterns from strains of Rhizobium which had been isolated from bean
nodules. Using these RFLP patterns, plasmid profiles and the ability, of the isolates, to
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nodulate an alternative host (Leucaena leucocephala) they grouped the strains into 
three types, R. leguminosarum bv phaseoli, R. tropici or R. etli bv phaseoli. A larger 
study, by Laguerre et al., (1992b), of isolates of R. leguminosarum using plasmid 
profiles and RFLPs revealed that grouping isolates into their respective biovars was 
only possible when using Sym plasmid probes. They also found, using chromosomal 
probes, that many (40%) of the isolates had similar chromosomal RFLP profiles. 
Demezas et a l, (1991) also employed chromosomal probes to study a selection of 
isolates from R. leguminosarum bv trifolii, bv viciae and R. meliloti. This study 
revealed 16 RFLP patterns within the strains which corresponded to ET patterns 
obtained previously for these isolates. From the RFLPs it was possible to calculate 
genetic relationships among the isolates, however, when Sym plasmid DNA probes 
were used to create RFLP patterns this was not possible. However, a study by 
Vanberkum et a l, (1993), indicated that RFLP patterns produced using probe 
pRJUTIO, a nodulation locus, could be employed to cluster isolates of B. japonicum, 
serogroup 110, into four groups which showed a degree of similarity of 70 % or less. 
Madrzak et a l, (1995) also used Sym plasmid DNA probes (nif and nod gene probes) 
to examine RFLP profiles from populations of B. japonicum from Polish soils. In that 
study they identified two major strain groups within these isolates and confirmed these 
observations with protein profile analysis, serological reactions and REP-PCR profiles. 
A further investigation by Stanley et a l, (1985) also revealed the existence of two 
major sub-groups within R. japonicum (now B. japonicum) and that one of these also 
displayed the presence of two sub-lines. A two year study by Demezas et a l, (1995) 
found that the number of Sym plasmid type strains (based on RFLPs produced using 
Sym plasmid DNA probes) changed from one year to the next while no difference in 
the number of chromosomal type strains was observed. This indicated a larger degree 
of variation occurred within Sym plasmid DNA than occurred within chromosomal 
DNA. A similar study was conducted by Gibson et a l, (1990). They used RFLPs to 
study the genetic instability of B. japonicum strain CB1809, a widely used Australian
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inoculum, in soils over a period of up to nine years. However this study revealed no 
change in RFLP patterns although serological variations were observed.
The use of RFLP analysis to study ineffective rhizobia (S isolates) which 
nodulate white clover plants growing on contaminated soils was reported by Hirsch et 
a l, (1993). In this study they found that all isolates had similar RFLP patterns which 
indicated a common ancestor, however, the isolates were not related to those strains 
found on white clover growing in clean soils. This observation was confirmed by 
inoculating other clover species with the isolates. This revealed that effective nodules 
were produced on subterranean clover only.
The type of probe employed, to produce RFLP profiles, varies and depends 
upon the particular interests of the research group. The use of insertion sequences (IS) 
for RFLP production was reported by Hartmann and Amarger (1991) who employed 
ISRml as a probe to study a representative sample (32 from 125 isolates) of R. 
meliloti isolates. They found that IS fingerprints revealed 16 strain types which 
correlated well with plasmid profile analysis. IS have also been used as probes in 
studies of R. meliloti by Wheatcroft and Watson, (1987), Simon et a l, (1991) and 
Rosier et a l, (1993). Repeat sequences (RS) have also been employed, as probes, in 
studies of Giardia intestinalis, a parasitic protozoal species, (Ey et a l, 1992), R. 
leguminosarum biovar trifolii (Watson and Schofield, 1985; Schofield et a l, 1987; 
Harrison et a l, 1988) and B. japonicum (Gibson et a l, 1990; Hartmann et a l, 1992; 
Minamisawa et a l, 1992). The use of repeat sequences (RS) to produce RFLPs was 
reported by Hartmann et a l, (1992) who employed these to differentiated individual 
strains of the same serogroup of B. japonicum. Nick and Lindstrom, (1994) and 
Selenskapobell et a l, (1995) also used RS to study R. galegae, however, they used 
RS-PCR to study the bacterial strains and confirmed these results with RFLP analysis.
Chromosomal gene probes have also been employed to create RFLP patterns
from Rhizobial species (Laguerre et a l, 1992a, b; Hirsch et a l, 1993; Demezas et a l,
1991, 1995) although all three groups also used plasmid derived probes for
comparison purposes. Plasmid derived probes, such as the nif and nod gene clusters,
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comparison purposes. Plasmid derived probes, such as the nif and nod gene clusters, 
have also been used to study Rhizobial isolates (Christensen and Schubert, 1983; 
Sadowsky e ta l, 1987a; Mozo etal., 1988; Segovia et al., 1991; Geniaux ef a l, 1993; 
Madrzak et al., 1995). Kuykendall et a l , (1996) generated RFLP profiles for 
Zewcaewa-nodulating Rhizobium from a selection of six random cosmid clones. Lee et 
a l , (1992) used 18 different probes to produce RFLPs from Mycoplasma like 
organisms (MLO). Data from the 18 probes were amalgamated into a single average 
similarity matrix using the Jaccard (Jaccard, 1901) coefficient of similarity. This matrix 
was then used to find relatedness among three MLO strain clusters associated with 
Canadian Peach (Eastern) X Disease, Western X Disease and Clover Yellow Edge.
Although of value for strain identification and classification, RFLPs are of 
limited use owing to the need to provide pure DNA samples. The use of specific 
probes also results in an examination of a small part of the total genome (i.e. that part 
from which the probe was derived) to the exclusion of other areas which may have a 
greater variation. A technique of DNA examination which considers the whole genome 
may be of more use for phylogenetic studies. The use of DNA amplification to create 
fingerprints provides such a method. Harrison et a l , (1992) have reported that it is 
possible to amplify Rhizobium DNA from crushed roots so this method also eliminates 
the need to provide pure DNA samples.
DNA amplification:
The polymerase chain reaction (PCR) as described by Mullis et a l, (1986) is a
method of generating large quantities of DNA from a very small sample comprising
only a few DNA molecules. The method involves mixing primers, which can be either
oligonucleotides or short sequences of DNA of known sequence, with the basic DNA
components and the template DNA to be amplified. The primers are selected for their
complementation to known gene sequences, or sections of DNA of interest, within the
template DNA. The enzyme Taq polymerase, from Thermus aquaticus, a bacterial
species found in hot springs, is used to amplify the DNA. The standard DNA
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amplification reaction can only provide information regarding the presence or absence 
of a particular DNA region of interest within the genome. Bereswill et al., (1992) used 
this feature of the reaction to develop a detection method for Erwinia amylovora, a 
pathogen which causes fireblight on fruit trees. By using two primers, derived from a 
29 Kb plasmid present in all E. amylovora isolates, they could detect the pathogen by 
the presence of a 0.9 Kb band amplified by these two primers. However, the standard 
PCR reaction, with the exception of microsatellites, has only a limited use for 
phylogenetic studies owing to the limited number of amplification products (usually 
one band) which are produced. Microsatellites, which are produced using a standard 
PCR type reaction, can be used for parentage testing and phylogenetic studies. These 
tests involve examining variations in the number of dimer repeat sequences within 
hyper-variable regions from two individuals. These variable regions are initially 
amplified using two primers which bound these regions. With slight modifications to 
the reaction it can be made to provide data which is of use for identification and 
characterisation purposes.
DNA amplification and sequencing:
DNA amplification followed by sequencing of the 16S Ribosomal gene
(16S rRNA) fragment has allowed phylogenetic studies of Rhizobium strains to be
made. Using this technique Segovia et a l, (1991) and Young et a l, (1991) have
examined relationships between Rhizobium strains. Jarvis et a l, (1992) employed this
method to compared DNA sequence data from fast growing strains (isolated from
soybean) with sequence data from other strains of Rhizobium, Bradyrhizobium and
Agrobacterium. They concluded that these fast growers had a greater homology with
the Rhizobium species than with the other species and proposed they be called R.
fredii. Eardly et a l, (1992) employed similar techniques to classify isolates known to
nodulate both alfalfa (Medicago sativa, L.) and beans (Phaseolus vulgaris, L. Savi).
They found that those strains nodulating both alfalfa and beans resembled strains
isolated from P. vulgaris in phenotypic characteristics. However, when comparisons of
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16S rRNA gene sequences were made the dual nodulating strains formed a new group 
which contains strains previously known as R. leguminosarum biovar phaseoli type I.
Sawada et al., (1993) used DNA amplification and sequencing of the 16S 
rRNA genes to study Agrobacterium, Rhizobium, Azorhizobium and Bradyrhizobium. 
They found it impossible to differentiate between Agrobacterium and Rhizobium 
isolates which formed a separate cluster from the remaining isolates. However, they 
could differentiate between the biovars (bv I, bv II, bv rubi and bv vitis) of 
Agrobacterium. These observations were confirmed by Willems and Collins (1993) 
who found Agrobacterium and Rhizobium formed a single cluster, based on 16S rRNA 
sequences, which was distinct from clusters formed by isolates of Azorhizobium and 
Bradyrhizobium.
DNA amplification and sequencing was employed by Coumoyer et al., (1993) 
to study Frankia, who found two major phylogenetic clusters based on 16S rRNA and 
nifR-T) intergene sequences. These groups corresponded to previously found 
groupings based on infection mechanisms of Frankia isolates. From an analysis of 16S 
rRNA sequences of isolates of Blastobacter, Hugenholtz et al., (1994) found that two 
of the culturable species, B. aggregatus and B. capsulatus, were very similar to A. 
tumifaciens whilst isolates of B. denitrificans grouped with isolates of B. japonicum. 
This suggested that the taxonomy of Blastobacter required revision as it appeared to 
be composed of several different genera. A revision of the family Frankiaceae, based 
on 16S rRNA sequences, has been proposed by Normand et al., (1996) who found 
four subdivisions within the genus Frankia but could find no relationship between the 
two genera Frankia and Geodermatophilus.
This technique is, however, very time-consuming and laborious owing to the 
need to sequence a large number of amplified products. A method which could provide 
as much data whilst also reducing time and labour would be advantageous.
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RFLP-PCR:
A modification to the technique of 16S rRNA gene amplification and
sequencing is to amplify the DNA but instead of sequencing the amplified products
they are digested- with restriction enzymes to produce RFLP type fingerprints. This
technique, known as either RFLP-PCR or ARDRA (amplified ribosomal DNA-
restriction analysis) was used by Vaneechoutte et al., (1992) to distinguish 9 of the 13
taxa of the Comamonadaceae bacteria. Amarger et a l , (1994) also used RFLP-PCR of
the 16S rRNA gene to classify Rhizobium which nodulated Phaseolus vulgaris L. into
the species R. leguminosarum biovar phaseoli or R. tropici. They confirmed these
observations using plasmid profiling and by assessing the ability of the isolates to
nodulate L. leucocephela. The technique has been employed on studies of many of the
Rhizobial species. Laguerre et a l, (1994) studied RFLP-PCR variations of the 16S
rRNA genes in a representative sample of all the Rhizobium and Bradyrhizobium
species. Results obtained using this method were in accordance with recognised
taxonomic classifications. A study of R. leguminosarum biovars trifolii, viciae, and
phaseoli, conducted by Laguerre et a l, (1996), showed that RFLP-PCR profiles from
the nodD gene regions were biovar or species-specific whilst patterns from the
intergeneric 16S-23S rRNA genes and the ni/D-ni/K genes regions were universal for
the Rhizobium species. Using the inter 16S-23S rRNA gene regions and inter nifD-
nifK. gene regions Brunei et a l, (1996), found that R. meliloti fell into two separate
groups. This observation is similar to those made by other groups using different
assessment methods (Young, 1985; Eardly et a l, 1990; Dooley et a l, 1993 [work
from this publication forms part of this thesis]). Analysis of the ni/HD region of a
spontaneous mutant of Frankia permitted Cournoyer and Normand, (1994) to classify
the mutant as F. alni. Using RFLP-PCR of the glnll gene also allowed them to identify
the parent strain of this mutant. RFLP-PCR was also employed by Jamann et a l,
(1993), to study Frankia strains. They found classification based on RFLP-PCR
correlated well with established taxonomic groups. Similar observation were made by
Bosco et al., (1996) who used RFLP-PCR to compare Frankia isolates from Dryas
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drummondii to Frankia isolates from Alnus, Causuarnia and Elaeagnus. They found 
that the isolates from the Dryas did not cluster with the two established groups, Alnus- 
Causuarnia infective and Elaeagnus infective, but appeared distantly related to them.
RFLP-PCR profile analysis appears to be of use in classifying and identifying 
bacterial strains including Rhizobium, however, it relies upon variations within a small 
region of the total genomic DNA and so may not be representative of total variations 
between the isolates.
Repeat Sequences:
A second method of fingerprinting bacterial strains using DNA amplification is 
that of RS-PCR. Repeat sequences, as described above, were found to contain 
conserved inverted repeat sequences within their structure. Using these inverted 
repeats as primers it is possible to produce amplified DNA fingerprints with which 
bacterial strains can be identified or classified. These repeats were first reported in R. 
meliloti by De Bruijn (1992), who showed that they could be used to classify the R. 
meliloti strains. RS-PCR (REP-PCR/ERIC-PCR) has subsequently been used in 
studies of R. leguminosarum (Labes et a l, 1996; Laguerre et a l, 1996), B. japonicum 
(Judd et a l, 1993; Madrzak et a l, 1995), R. loti (Schneider and De Bruijn, 1996) and 
R. galegae (Nick and Lindstrom, 1994; Selenskapobell et a l , 1995).
RS-PCR appears to be of use for identification and classification of Rhizobium 
isolates. However, the method is limited by the use of a specific-primer (one which 
complements the RS) and by the relatively large size of the primers, 18 bp (REP 
sequence) and 22 bp (ERIC sequence) (De Bruijn, 1992). A method which employed 
random primers would result in an analysis which considered the whole genome and 
not just a select part of it. Smaller primers would also increase the number of primer 
binding sites within the genome which increases the chance of variation being detected.
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RAPD fingerprinting:
One of the more useful (with regard to taxonomic studies) modifications to the 
PCR technique was reported by Williams et al., (1990) and Welsh and McClelland, 
(1990). Both these groups employed random primers which do not complement known 
sequences within the template DNA. The resulting Randomly Amplified Polymorphic 
DNA (RAPD) profiles (or fingerprints) can be used for taxonomic classification at the 
species or strain level.
Williams et al., (1990) used arbitrary primers of varying length to produce 
RAPD profiles which could be used to identify a number of individuals from differing 
eukaryotic and prokaryotic species. Welsh and McClelland, (1990) and Sellstedt et al., 
(1992) used the technique to identify specific bacterial strains. Irelan and Meredith, 
(1996), used RAPDs to study the variation between and within the three biovars of 
Agrobacterium\ A. tumifaciens bv I and bv II and A. vitis (bv III). The use of RAPDs 
for identification purposes has also been reported for fungal strains (Goodwin and 
Annis, 1991), plants {Glycine max) (Caetano-Anolles et al., 1991), insects (Wilkerson 
et al., 1993) and domestic animals (cattle, chickens, dogs, sheep and horses) (Bailey 
and Lear, 1994; Cushwa and Medrano, 1996).
Harrison et a l, (1992) reported the use of random arbitrary primers for the 
production of amplified DNA profiles from R. leguminosarum biovar trifolii. That 
study employed methods which produced direct DNA amplification from cell cultures 
and nodule tissue and indicated DNA conservation among certain isolates.
Welsh and McClelland, (1991) have also reported that different patterns were 
produced when two, different, random primers were used to prime the same 
amplification reaction. These fingerprints differed from those produced by the two 
primers when either one of them was used alone.
Fekete et al., (1992) used five random primers, in single primer reactions, to
produce RAPD profiles from Brucella strains. Using the Jaccard coefficient they
produced similarity matrices for each of the primers. A single average matrix was
constructed from the five individual matrices. This was then used to assess levels of
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similarity among the strains. This technique is similar to that used by Lee et a l, (1992) 
for analysing RFLP data as described above.
Although RAPD analysis of Rhizobium isolates provides a quick and easy way 
to identify and classify the strains there are some problems which can be encountered. 
A report by Coutinho et a l, (1993) indicated that the age of the culture affected the 
RAPD profile produced and that, in order to produce reliable patterns, it was 
necessary to use young, fresh cultures. A further problem which can be faced is that of 
humic acid and other phenolic compounds which can be present in DNA extractions 
from environmental samples, in particular soil samples. There are a few reports on the 
affects of these compounds on the action of the enzyme Taq polymerase during DNA 
amplification, however these reports are contradictory. Tsai and Olsen (1992) do not 
report problems when they amplified 16S rRNA gene DNA from crude DNA extracts 
from soil and sediment samples. This would suggest Taq polymerase is unaffected by 
humics. Picard et a l, (1992) found that they needed to pass DNA extracted from soil 
through purification columns at least three times in order to clean it sufficiently for 
amplification. They also adjusted the conditions for DNA amplification. Bruce et a l, 
(1992) also cleaned DNA to remove brown residues, which indicate the presence of 
humic acid contaminates, before attempting amplification. Young et a l, (1993) 
suggested the technique of adding polyvinylpyrrolidone to agarose gels as a method of 
cleaning DNA samples sufficiently to allow DNA amplification to proceed.
Statistical analysis o f DNA Fingerprints:
The use of mathematical analysis to interpret DNA fingerprints has been
reported for restriction digest patterns (Nei and Li, 1979) and RFLPs (Castagna et a l,
1994; Laroche et al., 1995; ODonoughue et a l, 1994; Szalanski e ta l, 1996; Sovinski
et al., 1996;) and RAPDs (Fujimori and Okuda, 1994; Kambhampati et al., 1992;
Okuda et al., 1995; Oxelman, 1996; Paffetti et a l, 1996; Shi et al., 1996; Stewart and
Excoffier, 1996; Stewart et al., 1996; Tanaka et al., 1994). Various methods of
analysis have been used on the different fingerprinting techniques with the method of
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choice for each research group being based on personal preference. Nei's genetic 
distance (Nei and Li, 1979; Vancoppencolle et al., 1995; Szalanski et al., 1996) and 
the Hardy-Weinberg (Sovinski et al., 1996) constant have been widely used methods 
for RFLP analysis although two recent papers by Castagna et al., (1994) and 
O'Donoughue et al., (1994) describe the use of Principal Coordinate Analysis (PCO) 
(Gower, 1966) for RFLP analysis. The interpretation of RAPD fingerprints from a 
small sample of isolates has followed along similar lines to that of RFLP analysis. 
These methods of comparison are relatively easy to perform on a few isolates, 
however, when larger numbers of strains are used an improved method is needed.
Multivariate statistical analysis provides a method of analysing large numbers 
of variables which univariate statistical methods are incapable of handling. An 
extensive summary by James and McCulloch, (1990) describes the main multivariate 
analysis techniques used in ecological and systematic studies. This summary includes a 
description of PCO and Cluster Analysis, both of which can be used to display 
relationships between organisms. PCO provides a method of displaying a complex 
relationship, between individuals, on a two or three dimensional graphical plot. 
However, relative spatial positions of individuals on the plot cannot be used to 
describe their relatedness but act only as a guide to this. Cluster Analysis on the other 
hand links individuals one-by-one depending on their level of similarity. The two 
closest related individuals are joined first at the highest level of similarity. As the level 
of similarity is decreased new isolates are introduced to the existing cluster or a new 
group is formed. This process continues until only one large amalgamation exists.
The use of PCO and Cluster Analysis to study biological systems has been
reported for protein sequences (liiggins, 1992), soils (Oliver and Webster, 1989) and
protein profiles from wheat (Bietz and Simpson, 1992). Vauterin and Vauterin, (1992)
used Cluster Analysis and computer-aided comparisons to identify micro-organisms
from their protein profiles. PCO and Cluster Analysis have also been employed in the
analysis of RAPD data (Dooley et al., 1993 [this publication forms part of this thesis];
Dye et al., 1995). There have also been reports of the use of Cluster Analysis with
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UPGMA (Unweighted Pair Group Method with Averages) (Haig et al., 1994), Jaccard 
matching (Morgan et al., 1995) and nearest neighbour grouping (Kambhampati et al., 
1992) for analysis of RAPD data. More recently RAPD profiles have been analysed 
using the techniques of Phylogenetic Analysis Using Parsimony (PAUP) (Fujimori and 
Okura, 1994; Tanaka et al., 1994) and Analysis of MOlecular VAriance (AMOVA) 
(Excoffier et al., 1992; Haig et al., 1994; Peakall et al., 1995; Paffetti et al., 1996; 
Stewart and Excoffier, 1996; Stewart et al., 1996) and Homogeneity of MOlecular 
VAriance (HOMOVA) (Stewart and Excoffier, 1996; Stewart etal., 1996).
The statistical techniques described produce taxonomic profiles which are in 
accordance with previously identified classifications. It therefore appears that for 
analysis of RAPD fingerprints it does not matter which of these methods is used as 
they all produce equally useful results for classifying Rhizobium.
Rhizobium Taxonomy.
The use of biochemical and molecular techniques has helped with the 
reclassification of the Rhizobium. However, owing to an incomplete, but ongoing, 
study of the Rhizobium and Bradyrhizobium genera the present taxonomic 
classification is not finalised. The most recent review of Rhizobium and 
Bradyrhizobium taxonomy was conducted by Martinez-Romero, (1994). The results of 
this review are summarised in Table 1.1.
The previous review of the Rhizobiaceae had been conducted by Elkan, (1992) 
and it varied from the one by Martinez-Romero in that those strains now classified as 
R. fredii and R. xinjiangensis had been classified Sinorhizobium fredii and S. 
xinjiangensis respectively. Also in the former review there was only one recognised 
species of Bradyrhizobium, B. japonicum. The work described in this report has been 
based on the classification system reviewed by Elkan, (1992). It was noted, however, 
that changes in the later review by Martinez-Romero, (1994) did not effect strains 
employed for this work.
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Martinez-Romero et a l, (1991) have described a new species, R. tropici, 
(which was described by Elkan, 1992) which contains those strains previously known 
as R. leguminosarum bv phaseoli type II. Although I have noticed that within the 
group of strains of biovar phaseoli used in this study there is a certain degree of 
diversity which may be accountable by this new species I have not identified which 
groups individual strains belong to. These might be R. leguminosarum bv phaseoli 
type I or R. tropici.
The changes observed in strain classification over just the two year period 
between the reports made by Elkan and Martinez-Romero highlight the need for 
improved methods of rhizobia strain classification. In the period since the review by 
Martinez-Romero there have been further suggestions for classification changes. 
Delajudie et al., (1994) suggest maintaining the genus Sinorhizobium. They even add 
two new species, S. saheli and S. teranga and move R. meliloti into this genus as a 
species, S. meliloti. There have also been proposals for new species including B. 
liaoningense (Xu et al., 1995), R. mediterraneum (Nour et al., 1995) and R. 
tianshanense (Chen et al., 1995). Novikova et al., (1994) also identified a group of 
Rhizobium strains, isolated from temperate regions, which formed a cluster separated 
from clusters formed of Rhizobium, Bradyrhizobium and Agrobacterium isolates.
With these fluxes in taxonomic groupings within the Rhizobiaceae family a 
study which could provide information about Rhizobium, based at the molecular level, 
may be useful for identification or classification and may also be of use for confirming 
previous observations. An investigation by Harrison et al., (1992) indicated that RAPD 
fingerprinting provided a method of identifying Rhizobium strains from a small 
collection (12 isolates) of R. leguminosarum bv trifolii isolates. A study which 
examined a larger selection of isolates may provide more information on Rhizobium 
taxonomy. The study presented here employed a more diverse selection of isolates than 




1. To assess the use of RAPD fingerprinting for the classification and 
identification of Rhizobium, and in particular R. leguminosarum bv trifolii, isolates. 
This study also included the development of a suitable method of statistical analysis.
2. To identify and quantify species- and strain-specific DNA probes, arising 
from DNA amplification, which could be used for further studies of Rhizobium 
identification.
3. To derive genetic information regarding interspecies relationships.
4. To compare the results of these three main objectives with previously 
observed results.
The results of the preliminary investigation by Harrison et al. (1992) provided 
information which allowed the main aims of this study to be addressed. By using a 
wider selection of isolates of Rhizobium and Bradyrhizobium species and biovars it 
should be possible to assess the use of RAPD fingerprinting for rhizobial classification. 
A large selection of isolates should also provided sufficient data for performing a 
comprehensive investigation of suitable statistical analysis methods. By using isolates 
from a wider variety of species and biovars the identification of potential RAPD- 
derived species-specific DNA probes should be made easier. A larger number of 
overall strains would also increase the probability identifying strain-specific DNA 
probes.
The report presented here describes the results of an investigation conducted 
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General Materials and Methods
Rhizobium cultures and growth media.
A selection of 84 Rhizobium and Bradyrhizobium strains were obtained from 
the AFRC Institute of Grassland and Environmental Research, Welsh Plant Breeding 
Station (IGER-WPBS), Aberystwyth, Dyfed. This collection contained 18 isolates 
each of Rhizobium leguminosarum biovar trifolii, R. leguminosarum biovar viciae and 
R. leguminosarum biovar phaseoli as well as 17 strains of R. meliloti and 13 
Bradyrhizobium isolates from diverse geographical locations. These strains are shown 
in Table 2.1. The freeze dried cultures were reconstituted by opening the vials and 
adding 0.5 ml of PA solution (Table 2.2) (Hirsch et al., 1984) to the culture. A sample 
(50 pi) of the Rhizobium suspension was plated onto TY agar plates (Table 2.2) 
(Beringer, 1974). Following two days incubation at 27°C pure colonies were streaked, 
for single colonies, onto a second TY plate. Pure colonies were again streaked for 
single colonies onto a third TY agar plate. Rhizobium cultures from these plates were 
stored in glycerol (20% v/v) at -20°C. These stored cultures formed the basis of this 
study.
Strains used in this work have been named, as far as possible, in accordance 
with the recognised classification described by Elkan (1992) (see Chapter 1). 
However, it is not known whether the isolates of R. leguminosarum biovar phaseoli 
used here constitute type I or R. tropici (Martinez-Romero et al., 1991) (formerly 
known as type II) strains. For the purposes of this study they have been referred to as 
R  leguminosarum biovar phaseoli. It should also be noted that Bradyrhizobium 
strains isolated from Japonicum have been referred to as B. japonicum. All other 
Bradyrhizobium strains are referred to as Bradyrhizobium strains. This includes those 
strains isolated from lupins and previously referred to in the Rothamsted Collection of 
Rhizobium (RCR) catalogue as B. lupini.
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General growth media employed in this study are described in Table 2.2 
together with relevant references.
Preparation o f bacterial cells.
Fresh cell cultures were produced, when required, by inoculating a sample (10 
pi) of the stored culture from above into 10 ml of PA solution. Cells were grown 
overnight at 27° C in an orbital shaker to a concentration of approximately 108 cells 
ml"1. Larger volumes of cells were produced, when necessary, by inoculating a greater 
volume of growth media with 1 ml of overnight culture. These cultures where stored 
for short periods (up to one week) at 4° C.
Rhizobium cultures were also maintained on TY agar plates for up to 2 weeks 
at 4° C and used as required. These plates were initially produced from the frozen 
cultures by spreading a 10 pi sample on to a plate and then streaking for single 
colonies following growth after 2 days. Frozen cultures were also screened to ensure 
purity using this method.
Preparation o f bacterial cells for direct DNA amplification:
Cells were grown overnight at 27° C in PA medium to a concentration of 
approximately 108 cells ml-1. A sample (0.5 ml) of each culture was centrifuged at 
11600g and the supernatant removed. The resulting pellet was washed in 0.5 ml of 
sterile distilled water (SDW). Following a further centrifugation, the washed pellet was 
resuspended in SDW and further diluted to achieve a concentration of 104 to 105 cells 
per 50 pi reaction.
Conditions for DNA amplification:
Amplification reactions were carried out in 50 pi volumes. The reaction buffer
contained 10 mM Tris (pH 8.3); 50 mM KC1; 2 mM MgCh; 0.001% gelatin. dNTPs
were added to a concentration of 200 pM. Individual primers, whether used in single
primer or double primer reactions, were added to their relevant concentrations (see
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specific chapters). Taq polymerase (1 unit) (Advanced Biotechnologies Ltd, 
Leatherhead, Surrey, U.K.) was used to amplify DNA. All reactions were sealed with 
sterile mineral oil (Sigma Chemical Co., Poole, Dorset, U.K.) and a Hybaid Thermal 
Reactor (Hybaid Ltd., Teddington, Middlesex, U.K.) was used to apply the following 
temperature cycle: 3 min at 94° C, initial denaturation; 40 cycles at 94° C (1 min), 36° 
C (1 min), 72° C (2 min); 5 min at 72° C to provide a final extension period.
Statistical analysis o f  RAPD profiles:
RAPD product sizes where calculated by comparing the migration distance of 
each band against the distance migrated by the standard size markers. Each strain was 
then assigned a score on the presence or absence of each product size. A T ' was 
scored for the presence of a particular amplified band and a 'O' for the absence of a 
band. Scores were analysed using GENSTAT (version 5, 1.3) to produce a similarity 
matrix. The program used to perform the analysis is shown in Appendix 1.
Construction o f  similarity matrices:
The similarity matrix displays, in a tabular-like form, the percentage similarities 
between strains thus permitting a comparison among strains to be made. Several 
different similarity matrices can be constructed from the same data depending on the 
matching coefficient employed.
Similarity matrices were constructed from the data using the simple matching 
coefficient. This method of matching considers all data points and gives equal 
weighting to all positions (loci). In the case of presence/absence (1/0) data this means 
all positions are considered, even if both strains show the absence of a particular band. 
Other matching coefficients, such as the Jaccard coefficient, would omit this band 
position from consideration. The rationale for simple matching can be summarised as 
follows:
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Xi = Xj = 1 then 1 
Xi = Xj = 0 then 1; 
where X is the band under consideration in the two strains i and j.
In this case all band positions are considered and all contribute to the final percentage 
similarity. The presence of a band in both strains therefore returns an exact match, i.e. 
100% similarity at that locus. Equally the absence of a band from both isolates 
produces a similarity of 100% at that locus. However, the presence of a band in one 
strain whilst it is absent from the other returns a similarity of 0% at that locus. The 
overall similarity between the two isolates is therefore equivalent to the average 
similarity between all the loci considered.
Principle Coordinate Analysis (PCO) was applied to the resultant similarity 
matrix and the first two ordinates from this plotted. This technique involves plotting all
the data on a multi-dimensional graph with axis numbered 1 to n, where n is the
number of samples examined. In the case of the samples in this study that means there 
are 84 axis, all of which meet at the origin (0,0) and all of which are perpendicular to 
each other! Obviously such a plot would be impossible to visualise on paper and so 
only the first two ordinates are drawn. This is performed by examining the whole 
multi-dimensional plot and extracting that axis which explains the greatest variation 
between the samples. This is known as ordinate 1. This procedure is repeated n-1 
times, i.e. until all the ordinates are extracted. Each subsequent ordinate explains less 
information than the last. Only the first few ordinates are of value as they explain the 
greatest amount of variation. These ordinates can then be plotted on a two- 
dimensional (or possibly three-dimensional) graph with relative degrees of variation 
radiating out from the origin (0,0).
Cluster Analysis, using an average linking method, was also applied to the data. 
The results of this were added to the PCO plot in the form of shaded groups at three 
levels of similarity, 70-75%, 75-80% and 80-100%.
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Total senomic DNA extraction:
Total genomic DNA was obtained from bacterial cells using the following 
method. Cells were grown as described above. The cell suspension (10 ml) was 
pelleted in a 5 ml tube at 11600g. The pellet was resuspended in 1 ml of TE, pH 7.6 
(10 mM Tris-Cl, pH 7.6, 1 mM EDTA, pH 8.0) and 1.5 ml of TE, 2% w/v SDS (as 
TE with 2% w/v SDS) was added. The proteolytic enzyme Pronase E (Sigma) was 
added, to this suspension, to a final concentration of 1 mg ml-1 and the volume 
brought to 3 ml with TE. Following mixing by inversion, the tubes were incubated at 
37° C for 30-60 min until the lysate solution turned clear. The solution was vortexed 
and DNA precipitated overnight at -20° C in 2.5 vols. of ethanol. The DNA was 
pelleted by centrifugation at 11600g for 5 min and the supernatant discarded. After 
drying, the DNA was resuspended in 500 pi of TE. RNAase (Ribonuclease A, Sigma) 
(from a stock solution of 10 mg/ml [Sambrook, 1989]) was added to a final 
concentration of 0.1 mg ml-1 and incubated at 37° C for 30 min. The protein elements 
within the solution were removed by two phenol-chloroform extractions (Sambrook, 
1989) and a final chloroform extraction. The DNA was again precipitated overnight in 
ethanol at -20° C and recovered by centrifugation. After drying, the DNA was 
redissolved in 100 pi of TE and a sample (5 pi) run on a gel (as described below) in 
order to ascertain its concentration.
Conditions for Restriction Digests:
Total genomic DNA was digested using the restriction enzyme EcoRl from the 
SuRE/Cut range of enzymes (Boehringer Mannheim, Bell Lane, Lewes, E. Sussex, 
U.K.). A sample of DNA (10 pg) was added to 2 pi of SuRE/Cut reaction buffer H, 1 
Unit of enzyme was added and the volume brought to 20 pi using SDW. Digestion 
proceeded overnight at 37° C and was terminated by the addition of 5 pi of gel loading 
buffer (0.25% w/v Bromophenol blue, 40% v/v glycerol). A sample (5 pi) of the digest 
was separated on a minigel (7 cm x 8 cm) in order to ascertain the level of digestion
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achieved prior to the remainder of the reaction (20 pi) mix being separated on a large 
(20 cm x 25 cm) gel as described below.
Electrophoretic separation o f DNA fragments:
RAPP fragments and other ampli fied DNA products:
RAPD products and other amplified DNA products were separated by 
electrophoresis on 1.5% MP agarose (Multi-purpose agarose, B. Mannheim) gels 
made with lx TBE (90 mM Tris-borate, 2 mM EDTA, pH 8.0) and run at 5v/cm for 
two hours. A standard DNA size marker (marker VI, B. Mannheim) was loaded at a 
concentration of 1 pg to provide a relative indication of amplified DNA concentration 
as well as a means of assessing the size of this amplified DNA. DNA fragments were 
stained with ethidium bromide, which was added to the gel to a final concentration of 
0.5 mg ml-1. The fragments were visualised by applying ultra-violet (uv) light to the 
gels using a transilluminator (UVP, Inc.).
Genomic DNA and other non-ampli fied DNA fragments:
Total genomic DNA and the fragments resulting from digestion using 
restriction enzymes were separated on agarose gels (0.7%) made with lx TBE. These 
gels were stained with ethidium bromide and visualised as described above. Restriction 
digests were run overnight at 2v/cm or until the 4.4 Kb sized band had run about 15 
cm. Total genomic DNA was run at 5v/cm for two hours. Size markers were added to 
both types of gel, the later having 0.5 pg of undigested lambda-phage DNA (from c I 
857 Sam 7, B. Mannheim). Size markers used on gels of restriction digests were; (a) 
one lane containing 0.5 pg of DNA size marker VII (B. Mannheim); (b) one lane of a 
Hindlll digest of lambda DNA (Pharmacia, St. Albans, Herts, U.K) (0.5 pg); (c) two 
lanes of digoxigenin-labelled DNA size Marker II (B. Mannheim) (0.25 pg).
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Transfer o f DNA to nylon membranes (Southern blotting):
Following electrophoresis, those gels containing DNA for transfer to nylon 
membranes were depurinated for 10 min in HC1 acid (0.25 Mj prior to denaturation for 
10-15 min in 0.4 M NaOH. DNA was transferred to the nylon membrane (Zeta-probe 
GT, Biorad, Hemel Hempstead, Herts., U.K.) with the aid of a VacuAid suction 
blotter (Hybaid, England) at a pressure of 40 cm Hg for 1 hour (as manufacturer's 
instructions). Transfer of DNA was confirmed by examination of the gel under uv 
light. The membranes were removed from the VacuAid unit and rinsed briefly in 2x 
SSC to remove any gel particles before drying on 3 MM filter paper for 30 min. 
Finally, the DNA was fixed to the membrane by baking at 80° C for two hours.
Construction o f Pi2Qxieenin (Pis) labelled probes:
All probes used in this research have been isolated from RAPD profiles thus 
permitting the use of DNA amplification as a method of labelling.
Isolation o f potential probes:
Two methods were used, in this work, to isolate potential species-specific and 
strain-specific Rhizobium probes. The first technique employed was the DEAE paper 
extraction method described by Sambrook (1989) with the following modifications; 
DE-81 paper (Whatman International Ltd, Maidstone, Kent, U.K.) was used in place 
of NA-45 paper and the phenol-chloroform and ammonium acetate extraction steps 
were omitted. DNA was finally dissolved in 10 pi of lx TE (10 mM Tris chloride, 1 
mM EDTA, pH 7.6). This solution was used to provide a template for DNA 
amplification.
The second method of probe isolation used was the technique of band-stabbing 
(Bjourson and Cooper, 1992). This method is described below.
A reaction mixture was prepared as described above but with 25 pi of water in
place of 1 pi of cells and 24 pi of water. RAPD profiles were separated on agarose
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gels before bands of interest were stabbed vertically through the middle with a sterile 
22 gauge needle. The needle was withdrawn from the gel, immediately immersed into 
the fresh reaction mixture and agitated for 30 seconds by twirling the needle between 
forefinger and thumb. The needles were discarded and the mixture vortexed for 30 
seconds to ensure complete mixing was achieved. The mix was sealed with mineral oil, 
as for a normal reaction, before DNA was amplified using the profile described above. 
Following amplification a sample (8 pi) of the amplified band was run on a 1.5% gel to 
provide a template for the labelling reaction.
Probe labelling:
Probes were labelled with Dig-dUTP (B. Mannheim) using the following 
procedure. An amplification reaction mixture was made up as described previously but 
with the exception that the dNTPs (CTP, GTP, ATP) were added to a final 
concentration of 200 pM each whilst dTTP was added to 182.5 pM and Dig-dUTP to 
17.5 pM final concentrations. DNA was added either by the addition of 1 pi of the 
DNA solution produced following the DEAE paper extraction method or by band- 
stabbing from the purified band as described above. Labelled probe was produced 
using the temperature profile described above. Correct labelling was confirmed by 
running samples (5 pi) of labelled and unlabelled band in adjacent lanes of a minigel 
and checking for a slower migration of the labelled probe.
Non-radioactive detection o f  DNA fragments:
Prehvbridisation:
Membranes were prehybridised at 68°C in a hybridisation oven (Hybaid, 
England). Initially membranes were soaked in 2x SSC (lx  SSC is 0.15 M NaCl, 0.15 
M sodium citrate), prior to prehybridisation for 1 hr at 68° C in prehybridisation 
solution (5x SSC, 0.1% w/v N-Lauryl sarcosine [Sigma], 1% w/v blocking reagent [B. 
Mannheim]) (20 ml per 100 cm2 of filter).
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Hybridisation:
The prehybridisation solution was replaced with hybridisation solution (as 
prehybridisation solution) (2.5 ml per 100 cm2 of filter). The Dig-labelled DNA probe 
was denatured by heating at 95° C for 10 min and then added to the hybridisation 
solution to a final concentration of 20 ng ml-1. Denatured Herring Sperm DNA was 
also added to give a final concentration of 50 pg ml’1. Hybridisation proceeded at 68° 
C for 8-12 hrs.
Stringency washing o f  hybridised filters :
Unbound probe was removed by washing the membranes in a stringency wash 
buffer. Initial washes were carried out in 2x SSC, 0.1% SDS at 37° C for 2x 30 min. 
Higher stringency washes, where needed, were carried out at an increased temperature 
or at a lower salt concentration as described in the relevant chapter.
Detection:
The (3-(2'-Spiroadamantane)-4-methoxy-4-(3"-phosphoryloxy)-phenyl-1,2-
dioxetane) (Lumigen-PPD) chemiluminescence detection method (B. Mannheim) was
used to visualise probe positioning. Following the stringency washes the membranes
were washed briefly (2 min) in Lumigen-PPD Wash Buffer (0.3% Tween 20 [v/v], 0.1
M Maleic acid, 0.15 M NaCl, pH 7.5) before incubation for 30 min in Lumigen-PPD
Buffer 2 (1% blocking agent [w/v], 0.1 M Maleic acid, 0.15 M NaCl, pH 7.5) at 100
ml/100 cm2 of membrane. The membranes were incubated for a further 30 min in
Lumigen-PPD Buffer 2 (20 ml/100 cm2) containing anti-Dig-AP-conjugate (75
mU/ml) (B. Mannheim). The membranes were washed twice for 15 min in 100 ml/100
cm2 of Lumigen-PPD Wash Buffer before equilibration in Lumigen-PPD Buffer 3 (0.1
M Tris chloride, 0.1 M NaCl, 50 mM MgCl2, pH 9.5) (20 ml/100 cm2) for 5 min.
Lumigen-PPD (B. Mannheim) was diluted in Lumigen-PPD Buffer 3 to a final
concentration of 100 pg ml'1 and the membranes were incubated for 5 min in 15
ml/100 cm2 of this substrate solution. After incubation the membranes were dried
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briefly on filter paper, sealed in incubation bags and pre-incubated for 15 min at 37° C. 
Finally the membranes were exposed to light sensitive film (Hyperfilm-ECL, 
Amersham) for 25 mins which was developed as recommended.
Reprobins:
Membranes were stripped of old probes by rinsing in distilled water for 2 min 
then washing twice in 0.2 M NaOH, 0.1% SDS for 15 min at 37° C. Finally the 




Table 2.1: Strains used in this study.
Strain.1 Synonym
Geographical 































































































































































































































































1 All strains, unless otherwise stated, come from the Welsh 
Plant Breeding Station (WPBS) collection, Aberystwyth,
Wales.
2 Isolated from white clover (T. repens), permanent pasture, The Royal 
Agricultural College, UK. England.
3 Strains supplied by the Nitrigin company, U.S.A.
4 Sub-cultures of strains, originally from WPBS collection, 
now maintained at the Royal Agricultural College.
5 Rifampicin resistant strain.
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Table 2.2: Rhizobial growth media.










Hirsch et al., (1984)
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Phylogenetic Grouping and Identification of Rhizobium Isolates
on the Basis of 
Random Amplified Polymorphic DNA Profiles.
Material from this chapter has been included in the paper:
DOOLEY J.J., HARRISON S.P., MYTTON L.R., DYE M., CRESSWELL A., 
SK0T L. & BEECHING J.R. (1993). Phylogenetic grouping and identification of 
Rhizobium isolates on the basis of random amplified polymorphic DNA profiles. 
Canadian Journal of Microbiology. 39. 665-673.
Material from this chapter has also been used in the paper:
DYE M., SK0T L., MYTTON L.R., HARRISON S.P., DOOLEY JJ. & 
CRESSWELL A. (1995). A study of Rhizobium leguminosarum biovar trifolii 
populations from soil extracts using randomly amplified polymorphic DNA profiles. 
Canadian Journal of Microbiology. 41, 336-344.
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Abstract
Using a single, random 15-mer as a primer, between 1 and 12 DNA 
amplification products were obtained per strain from a selection of 84 Rhizobium and 
Bradyrhizobium isolates. A Principal Coordinate analysis was used to analyse the 
resulting amplified DNA profiles and it was possible to assign isolates to specific 
groupings. Within the species Rhizobium leguminosarum, the biovar phaseoli formed 
a distinct group apart from the other biovars of the species, viciae and trifolii, which 
congregated together. Isolates of Rhizobium meliloti and Bradyrhizobium species 
formed their own clear, specific assemblages. Although it was possible to identify 
individual isolates on the basis of differences in their amplified DNA profiles, there was 




Various methods employed previously to classify and identify Rhizobium 
strains have included polyacrylamide gel electrophoresis of isoenzymes (Mytton et al., 
1977; Young, 1985; Harrison et al., 1989a) and plasmid profiling (Glynn et al., 1985; 
Bromfield et al., 1987; Harrison et al., 1989a,b). Studies of DNA homology have led 
to the development of strain-specific probes which can distinguish among different 
isolates of Rhizobium loti (Bjourson and Cooper, 1988). Restriction Fragment Length 
Polymorphisms (RFLPs) have been used to study symbiotic DNA from R. 
leguminosarum bv trifolii isolates (Watson and Schofield, 1985; Harrison et al., 1988) 
and specific probes to symbiotic DNA have been further used by Schofield et al., 
(1987), Young and Wexler (1988) and Engvild et al., (1990) to examine differences in 
the three biovars of R  leguminosarum. Segovia et al., (1991) and Young et al., 
(1991) have recently examined Rhizobium strain relationships using DNA amplification 
and sequencing of the 16S Ribosomal DNA. These methods have been described more 
fully in Chapter 1.
The use of random primers to produce Randomly Amplified Polymorphic DNA 
(RAPD) fingerprints from strains of R. leguminosarum bv trifolii has been reported by 
Harrison et al., (1992). In that study amplification profiles were obtained from twelve 
isolates using a series of random primers. The value of the RAPD fingerprints, from 
each primer, for strain identification was assessed. From the results of this work the 
primer, SPH1, was identified as showing the greatest potential for differentiating 
among the Rhizobium strains. This primer was therefore selected for use in this study 
to examine molecular relationships among strains, biovars and species in a collection of 




Seventy one isolates from R. leguminosarum biovars trifolii, viciae and 
phaseoli, Rhizobium meliloti and thirteen strains from the genus Bradyrhizobium were 
employed in this investigation.
Production o f  RAPD profiles:
RAPD profiles were produced as described in the General Materials and 
Methods (Chapter 2) using the primer SPH1 (5-GACGACGACGACGAC-3'), (ILS 
[International Laboratory Services], Team Valley Trading Estate, Gateshead, Tyne & 
Wear, NE11 OLH).
Statistical analysis o f  results:
At the outset of this research, little work was published on the use of RAPDs 
for phylogenetic studies of any species thus it was necessary to develop a method for 
data analysis. The use of Principal Components Analysis (PCA) and Principal 
Coordinates Analysis (PCO) is documented as useful as an initial method of 
extrapolating underlying trends from data to ascertain its potential use for further 
analysis. The two methods differ in the type of data to which they are applied, PCA 
relying on quantitative data and PCO on qualitative data. The very nature of the RAPD 
reaction produces data of the qualitative type (the bands are either present [1] or 
absent [0] and cannot easily be quantified from one reaction to the next as an increase 
in one band intensity leads to a decrease in the intensity seen in other bands) therefore 
necessitating the application of PCO analysis to the data. Further support for the use of 
PCO to analyse data composed o f'Is ' and 'Os' is provided by Digby and Kempton 
(1987) who applied PCO analysis to data from a study of the presence (1) or absence 
(0) of mosses growing on a shore-line.
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RAPD profiles produced using the primer SPH1 were analysed, using PCO and 
Cluster Analysis, as described in Chapter 2.
Further statistical analysis - the Jaccard matching coefficient:
As a comparison to the simple matching coefficient method of analysis the 
Jaccard coefficient of matching method was also employed to analyse the RAPD 
fingerprint data from the 84 strains.
The Jaccard matching coefficient (Jaccard, 1901) varies from the simple 
matching coefficient in that the Jaccard method eliminates those positions which show 
the absence (0) of a band in both strains being considered. The simple matching 
coefficient does not disregard these positions. The Jaccard method therefore returns a 
similarity of 100% for those positions (loci) which display the presence (1) of a band in 
both isolates. This method returns a similarity of 0% for those loci which display the 
presence of a band in one isolate while it is absent from the other isolate. When both 
isolates lack a band at a particular locus this position is omitted from consideration and 
plays no part in the calculation of similarity. A comparison of the calculation of 
similarity (S) using the simple matching (Ssm) and the Jaccard matching coefficients (Sj) 
is shown below:
For two strains i and j at a locus X there are four (a-d) possible band pattern 
combinations;
a : i = j = 1 i.e both strains have the band present 
b : i = j = 0 i.e. both strains show an absence of the band 
c : i = 1, j = 0 i.e. strain i has the band while strain j does not 
d : i = 0, j = 1 i.e. strain i does not have the band while strain j does.
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Similarity (S) is then calculated using the Jaccard coefficient as:
Sj = a / (a+b+c+d)
Similarity (S) is then calculated using the simple matching coefficient as: 
Ssm = a+b / (a+b+c+d)
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Results and Discussion
Amplification of DNA from intact cells of each of the eighty four isolates used 
in this investigation was achieved using a single 15mer primer, SPH1 (Harrison et al., 
1992). The primer has an estimated melting temperature of 50° C (Thein and Wallace, 
1986) therefore, using an annealing temperature of 36° C should result in some 
primer/target mismatch. This mismatch is apparently constant, and does not detract 
from the analysis as the same patterns can be reproduced from individual strains upon 
subsequent amplifications. It is useful to allow consistent mismatch to occur since the 
small bacterial genome would not provide sufficient exact target sites to give rise to 
meaningful profiles if strict annealing temperatures were adhered to.
The resulting amplification profiles for each of the strains are displayed in 
Figure 3.1, which illustrates those for R. leguminosarum biovar viciae (a), biovar 
trifolii (b), biovar phaseoli (c), R. meliloti (d) and Bradyrhizobium (e) respectively. 
Comparison of amplified segments against size markers using electrophoresis allowed 
estimation of their lengths.
All amplified products were between 0.1 Kb and 3.0 Kb in length and the 
number of bands per strain varied between 1 and 12. From this variation in number and 
size of bands it is possible to identify individual strains from what could be called a 
"DNA fingerprint". Although strains for the most part give rise to unique identifiable 
profiles, the patterns produced by several strains can be seen to be very similar; Figure 
3.1b, R. leguminosarum biovar trifolii strains Rt5 and Rt22l; Figure 3.1c, R. 
leguminosarum biovar phaseoli strains Rp36l3 and Rp36l5; Figure 3. Id, Rhizobium 
meliloti strains Rm200\, Rm2005 and Rm2008, and Figure 3.1e, Bradyrhizobium 
strains Br3205, Br32\2 and Br32\3). The similarity in amplification profiles of 
different strains suggests a certain degree of DNA conservation among isolates. It is 
also possible that different strains from different culture collections are identical, and 
thus give rise to similar amplification products.
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The Bradyrhizobium strains contain 5 unique bands which are not seen in the 
Rhizobium species. One of these bands of size 0.48 Kb is present in 8 of the 13 strains 
suggesting DNA conservation within the Bradyrhizobium genus. Similar observations 
of bands common to nearly all strains of the R. leguminosarum biovar trifolii and 
biovar viciae species can also be made. Moreover, the presence of three different 
common bands in some R. meliloti strains (Figure 3.Id, strains Rm2Q00, RmlOQl, 
Rm2003, Rm200A, Rm2005, Rm2001, Rm2008) suggests strong DNA conservation 
within this species.
Analysis based on the presence or absence o f amplified products:
A statistical analysis of band sizes within and between biovars and species 
could be useful in assigning strains to species and sub-specific groups based on the 
occurrence of conserved fragments. This could also provide a means assessing the 
level of relatedness between these species and biovars.
When all amplified products from all strains were added together forty-five 
different products were shown to exist in total across all isolates examined. These 
were converted into a presence (l)/absence (0) file, consisting of a string of 45 'l's or 
'0's per isolate. This file is displayed in Appendix 2.
A similarity matrix was constructed from the presence/absence data, using both 
the simple matching and Jaccard matching coefficients, as described in Chapter 2. 
These matrices are shown in Appendices 3 and 4 respectively.
Application o f Principal Coordinates Analysis (PCO):
From a plot of the first two ordination axes (ordinate 2 against ordinate 1),
resulting from analysis of the amplification products from the eighty four isolates, it
appeared that a series of groups, relating to individual species and biovars, were
emerging. Following the application of Cluster Analysis (average linkage) it was
possible to denote clusters as areas of coloured shading, according to their percentage
relationship (ranging from 70-100%), on the PCO plot. These clusters when applied
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confirmed the previous suspicions that groups were emerging and thus indicated that 
differentiation between the various species is possible based on the presence or 
absence of amplified bands. The final ordination produced is shown in Figure 3.2. The 
first two axes shown account for the greatest amount of variation found within the 
data, which in this case is 24%. That means 24% of the total variation among all 
isolates is described by the first two axes.
This Figure shows that distinction of the R. leguminosarum biovars viciae and 
trifolii from both the R. meliloti and Bradyrhizobium is achieved though separation 
along axis 1. All R. meliloti and Bradyrhizobium are located in the region of the graph 
bounded by the scores -0.4 to 0.0 on axis 1 whereas the majority of the R. 
leguminosarum biovar viciae and biovar trifolii have scores of greater than 0. R. 
leguminosarum biovar phaseoli strains form a fairly tight cluster and are located 
towards the centre of axis 1, having values of between -0.1 and 0.1. However there is 
a certain amount of overlap with the other clusters. Consequently biovar phaseoli 
cannot be differentiated using this dimension alone.
Examination of the second axis of the ordination allows for differentiation 
between the species R. meliloti and the genus Bradyrhizobium, the former mainly 
having values greater than -0.02 and the latter less than -0.08. R. leguminosarum 
biovar phaseoli isolates can be differentiated by high scores on axis 2; with all but one 
exception these strains have values exceeding 0.13. Only two non-i?. leguminosarum 
biovar phaseoli strains are found within that region of the ordination plot that exceeds 
0.13 with respect to axis 2. However preliminary investigations suggest that the R. 
meliloti strain may be mislabelled as it failed to nodulate Lucerne (Medicago sativa L) 
plants. Using the PCO plot it is not possible to differentiate between R. 
leguminosarum biovars viciae and trifolii with any degree of certainty.
From the shading resulting from the Cluster Analysis applied to the isolates
described in Figure 3.2, it can be seen that eight clusters are present at the 80-100%
level (denoted by a red line on Figure 3.2). This level of similarity indicates that a very
high degree of DNA conservation exists among the isolates within these gatherings. Of
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these eight collections three account for isolates of R. leguminosarum biovar phaseoli 
only, one contains mainly R. leguminosarum biovar phaseoli isolates with the addition 
of one R. meliloti isolate and one isolate each of the biovars viciae and trifolii. The 
remaining four clusters comprise either R. meliloti or Bradyrhizobium isolates.
The Bradyrhizobium strains fall into two clusters although a single isolate 
(isolated from lupins) associates with neither group at the 80-100% level. The right 
hand cluster comprises three strains of the recognised species B. japonicum (based on 
a recent review of current Rhizobial classification, Elkan, 1992) and an unclassified 
Bradyrhizobium strain. The left hand group comprises three strains isolated from 
lupins and two unclassified Bradyrhizobium strains. This observation would appear to 
indicate that within the genus Bradyrhizobium there is more than one species 
detectable at the 80-100% level of similarity. This agrees with results found by other 
researchers (Stanley et al., 1985; Kuykendall et al., 1988) and summarised in a mini­
review by Elkan, (1992). At the 75-80% level of similarity (denoted by a blue line on 
Figure 3.2) the lupin-derived Bradyrhizobium isolate associates with the B. japonicum 
cluster. This suggests that the variation, observed at the 80-100% level of similarity, 
between the two potential species within the genus Bradyrhizobium may not be 
completely consistent. However thirteen Bradyrhizobium isolates may be too small a 
sample to provide sufficient data to allow an accurate analysis to be carried out.
A division within the species R. meliloti at the 80-100% level has resulted in 
the formation of two groups (excluding the isolate in the R. leguminosarum biovar 
phaseoli cluster described earlier) of eleven and four isolates respectively. This 
division of the species into two clusters may indicate that either the R. meliloti species 
comprises two distinct sub-species or is in fact two separate species. Eardly et al., 
(1990) have reported similar indications based on observations of electrophoretic 
variation in the alleles of 14 metabolic enzymes. They confirmed this with data from 
restriction fragment length polymorphisms (RFLPs) and concluded that R. meliloti 
should be regarded as two separate species. Young (1985) has also reported the
existence of two major electrophoretic types (ETs) in R. meliloti reinforcing this idea.
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Within the cluster comprising R. leguminosarum biovar phaseoli (as defined at 
the 70-75% level) there are four highly related groups (80-100% similarity), three of 
which include only two isolates while the fourth encompasses 10 strains. This 
observation suggests that although this biovar appears to be formed from a single 
species it may in fact be an amalgamation of several species, or sub-species, which are 
only detectable at higher relationship levels. These observations are similar to those of 
Pinero et al., (1988) who have suggested that R. leguminosarum biovar phaseoli is a 
polyphyletic group comprising at least seven individual species. It is possible that the 
work in this study has resulted in the identification of four sub-species groupings 
within R. leguminosarum biovar phaseoli. Even from simple, subjective observations 
of band patterns (Figure 3.1c) it would appear that the strains within R. 
leguminosarum biovar phaseoli are not as genetically related to each other as those 
strains comprising the biovars R. leguminosarum biovar trifolii and biovar viciae. 
These differences have recently led to the formation of a novel species, R. tropici 
(Martinez-Romero et al., 1991), which encompasses all those strains formerly known 
as R. leguminosarum biovar phaseoli Type II.
The additional information obtained on the R. leguminosarum biovar phaseoli 
strains used for this study is not sufficient to allow for reclassification of the strains 
into the species R. leguminosarum biovar phaseoli or R. tropici.
At the 75-80% similarity level several new clusters are evident, two of which 
are composed of a mixture of R. leguminosarum biovar trifolii and biovar viciae 
isolates. These two clusters account for most of the strains of these two biovars. 
Within the R. leguminosarum biovar phaseoli isolates a small assembly binds two of 
the more highly related groups, as defined at the 80-100% level, thus indicating a 
closer relationship exists between these two clusters than exists between the other 
clusters and isolates comprising the R. leguminosarum biovar phaseoli species.
Of the remaining two groups, formed at the 75-80% level, one links a single
Bradyrhizobium isolate to the B. japonicum cluster whilst the other links the left hand
group of Bradyrhizobium strains with one of the R. meliloti clusters thereby
61
suggesting a closer relationship exists between these two, seemingly unrelated, species 
than exists between the two sub-groups of the species of R. meliloti. This observed 
difference may be the result of a small variation being exaggerated owing to a low 
number of strains being examined.
At the lowest level of clustering considered in this investigation, the 70-75% 
level, (denoted as a black line on Figure 3.2) four major clusters are seen to result. 
These consist of R. leguminosarum biovars trifolii and viciae, R. leguminosarum 
biovar phaseoli, R. meliloti and Bradyrhizobium. There is however a small amount of 
overlap between the clusters defining the biovars of the R. leguminosarum species so 
suggesting that although spatially separated in Figure 3.2, there is still a certain amount 
of conserved DNA linking the isolates of this species.
Only one group occurs at the 60% level encompassing all isolates. However at 
the 65% level, two clusters exist one being the B. japonicum group and the other a 
large group comprising the other isolates.
From Figure 3.2 the following conclusions can be drawn: (i) Differences occur 
at the molecular level among the species R. leguminosarum, R. meliloti and the genus 
Bradyrhizobium. Demezas et al., (1991) have previously reported differences between 
R. leguminosarum biovar trifolii and R. meliloti illustrated by studies of allozymes and 
RFLPs; (ii) There is no absolute difference between R. leguminosarum biovar trifolii 
and R. leguminosarum biovar viciae that can be found using this method of analysis 
with this sample of strains; (iii) A difference between the biovar phaseoli and the other 
biovars, trifolii and viciae, of the species R. leguminosarum does occur although 
variation is reduced at the 70-75% level as a certain amount of overlapping of clusters 
occurs suggesting some similarity among these biovars. From their work on 
electrophoretic types in non-symbiotic isolates, Segovia et al., (1991) have reported 
similar observations, with differences occurring between R. leguminosarum biovar 
phaseoli type I strains and R. leguminosarum biovar trifolii, viciae and R. tropici 
strains. Martinez-Romero and Rosenblueth (1990) have also reported differences
between host range, nif gene reiterations and competitiveness in strains of R.
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leguminosarum biovar phaseoli (type I) and R. tropici. Reports by Johnston and 
Beringer (1977) and Kondorosi et al., (1980) of readily obtainable chromosomal 
genetic exchange among the biovars trifolii, viciae and phaseoli, of the species R. 
leguminosarum could account for their greater relationship to each other than to R. 
meliloti which would appear not to readily exchange chromosomal material with R. 
leguminosarum strains, (iv) Although distinct relationships have been found, a few 
strains did not fall within their expected groupings. For instance one R. meliloti strain 
occurred in the R. leguminosarum biovar phaseoli cluster and one R. leguminosarum 
strain occurred in the R. meliloti cluster. There is also close affinity between a 
collection of Bradyrhizobium strains and one of the R. meliloti groups. These 
observations agree with those of Young (1985) and Young et al., (1987) who suggest 
that genetic boundaries among nodulating Rhizobium strains can be somewhat 
indistinct. Our results indicate that this may also apply to Bradyrhizobium although 
this would need confirming by examining a larger and more diverse sample of strains.
This method of data analysis and the results produced have been published, 
Dooley et a l, (1993).
Jaccard matchins coefficient:
The criterion used by this analytical method to produce similarity matrices 
differs from simple matching coefficient in that the absence of a band at a particular 
loci in both strains results in this loci being omitted from the analysis. This has been 
summarised above. This method was used as a comparison to the simple matching 
coefficient in order to test if the absence of a band, at a particular loci in both strains, is 
as important as the presence of the band in both strains. The similarity matrix produced 
using the Jaccard matching coefficient is shown in Appendix 4.
The plot of ordinate 2 against ordinate 1, following the application of PCO to
the similarity matrix constructed from analysis using the Jaccard matching coefficient,
is shown in Figure 3.3. From an initial observation of the plots (Figures 3.2 and 3.3) it
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can be seen that they appear very similar, with the exception that they are mirrored 
images of one another about, roughly, the origin of ordinate 1. Upon closer 
examination several smaller differences start to emerge as described below.
The Bradyrhizobium isolates (with the exception of one isolate) fall within the 
lower right-hand quarter of the graph, i.e. that sector where values are greater than 0 
with respect to ordinate 1 and less than 0 with respect to ordinate 2. The R. meliloti 
strains all show a similar distribution with the exception of two isolates, the one 
discussed earlier and shown not to nodulate Lucerne, and a second isolate which lies 
just above the origin with respect to ordinate 2. All strains however fall on the positive 
side of the axis for ordinate 1. It can thus be assumed that any strain analysed by this 
technique and falling within this section of the graph will have a high probability of 
being either a Bradyrhizobium or a R. meliloti isolate.
Further observations reveal that all the R. leguminosarum biovar phaseoli 
isolates are found in the region of the graph above the origin with respect to ordinate 
2. This is an identical observation to that made by analysis with the simple matching 
method. They also all fall within a narrow band bounding the origin of ordinate 1, all 
isolates being contained within the region -0.25 to +0.25 units. This again reflects 
results obtained from simple matching.
The R. leguminosarum biovar viciae and R. leguminosarum biovar trifolii 
isolates can be seen to occupy, on the whole, the lower left-hand section of the plot, 
Figure 3.3. Again, as with the analysis using simple matching, it is not possible to 
distinguish between isolates of R. leguminosarum biovars viciae and trifolii. Most 
strains have values of less than 0.1 with respect to both ordinate 1 and ordinate 2. The 
only exceptions to this being two R. leguminosarum biovar viciae isolates and one R. 
leguminosarum biovar trifolii isolate, all three of which appear to associate with the R. 
leguminosarum biovar phaseoli isolates.
From simple observations of the ordinate plots produced using either the
Jaccard method of matching (Figure 3.3) or simple matching (Figure 3.2) no overall
differences can be seen except for a mirroring of the image. This would indicate that it
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does not matter which matching technique is employed for the analysis of RAPD data. 
However when the ordinate plots (Figures 3.2 and 3.3) are examined, following the 
application of Cluster Analysis to the PCO plots, a noticeable difference in the 
formation of groups can be observed between the two plots. In general the number of 
clusters and level at which clustering occurs is lower when Jaccard analysis is applied 
as compared to results obtained with simple matching.
At the highest level of clustering, 80-100%, only four groups have emerged 
with Jaccard analysis. These comprise three Bradyrhizobium isolates in one group, 
three R. meliloti in another, two R. leguminosarum biovar trifolii strains comprise the 
third cluster and two R. leguminosarum biovar phaseoli the final group. This 
compares to the eight clusters seen with simple matching, where even at this high level 
of relatedness the R. meliloti and Bradyrhizobium species have been defined and 
shown to comprise of two sub-groups each, Figure 3.2.
The second level of similarity considered was the 75-80% level. The only 
change seen at this level of similarity, in Figure 3.3, is the addition of one R. meliloti 
strain to the cluster formed at the previous level of similarity. No other strains link to 
each other or to any of the groups formed previously and the number of clusters 
remains at four. The number of isolates linked at this level of similarity is very low 
when compared to the number which cluster together following simple matching. 
When simple matching was used the majority of the R. leguminosarum biovar trifolii 
and R. leguminosarum biovar viciae isolates had formed two groups at this level of 
similarity.
The lowest level of similarity examined with the simple matching data was the
70-75% level. At this level the representative species and biovars were all individually
clustered with the exception of the R. meliloti and Bradyrhizobium isolates which had
formed a single group. Data from the Jaccard method of matching, when subjected to
Cluster Analysis produces only seven clusters at the 70-75% level of similarity. These
comprise the four groups observed at the 75-80% level of similarity and three newly
formed clusters of two strains each. Two R. meliloti isolates form the first group
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whilst two R. leguminosarum biovar viciae strains form the second. The final cluster is 
formed by the linking of one strain of R. leguminosarum biovar trifolii and one isolate 
of R. leguminosarum biovar viciae. These results alone suggest that there is little DNA 
homology between isolates of the same species.
A final Cluster Analysis was applied to the Jaccard data at the lower 50-70% 
level of similarity. At this level of similarity there are still only seventeen groups 
formed. Three groups are each formed by the joining of two isolates of R. 
leguminosarum biovar phaseoli. The remaining R. leguminosarum biovar phaseoli 
isolates are still not clustered. This indicates a poor level of similarity within this 
biovar, however this can, and has been accounted for by using simple matching. Of the 
remaining associations three are formed by the grouping of strains of R. meliloti. 
These clusters comprise six, two and two isolates respectively. This clustering suggests 
that there maybe at least three sub-groups within the species R. meliloti, however, 
results from simple matching analysis and from work by Eardly et al., (1990) have only 
indicated two sub-groups within this species. Three further clusters of five, two and 
two strains respectively are formed by isolates of Bradyrhizobium. These results again 
differ from those obtained with simple matching. The remaining clusters formed at the 
50-70% level of similarity are composed of R. leguminosarum biovar trifolii and R. 
leguminosarum biovar viciae strains. There are two groups of two R. leguminosarum 
biovar trifolii strains, one cluster of two R. leguminosarum biovar trifolii strains and a 
single R. leguminosarum biovar viciae isolate, four clusters of two R. leguminosarum 
biovar viciae isolates only and a single group of three R. leguminosarum biovar viciae 
isolates. These results allow a certain degree of identification of isolates from the two 
biovars which is not possible with simple matching. However as the level of similarity 
is reduced to below 50% the number of groups containing a mixture of R. 
leguminosarum biovar trifolii and R. leguminosarum biovar viciae isolates is 
increased.
The following conclusions can be drawn from observations of results obtained
using the Jaccard method of analysis, (i) A spatial differentiation occurs between the
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species R. leguminosarum, R. meliloti and the genus Bradyrhizobium. There is also a 
difference between the biovar phaseoli and the other two biovars (;trifolii and viciae) 
of the species R. leguminosarum. (ii) It is not possible to differentiate between isolates 
of R. leguminosarum biovars trifolii and viciae based on spatial arrangements. This 
situation is not clarified even after the application of Cluster Analysis, (iii) The overall 
level of similarity observed between strains of the same species or biovar is low with 
this method of analysis, (iv) Group sizes are also small and erratically formed which 
indicates that either the strains are not related or the statistical method employed is not 
appropriate for this type of analysis. The occurrence of a high number of ungrouped 
isolates, even at the 50-70% level of similarity, and previous results reported using 
simple matching tend to suggest that the problem lies with the statistics.
Conclusions'.
From the results described above it can be suggested that the analysis of RAPD 
profiles by the use of the simple matching coefficient followed by Cluster Analysis is a 
better method than analysis using the Jaccard matching coefficient followed by Cluster 
Analysis. The results shown here indicate that analysis using the simple matching 
coefficient produces results which are as equally as acceptable, if not superior, to those 
produced by use of the Jaccard matching coefficient owing to the higher levels of 
similarity observed.
Further reasons for the elimination of the Jaccard method were that it was felt
that the absence of a band was just as significant as the presence of a band, at a
particular loci, when analysing RAPD data as compared to RFLP data. The presence
or absence of bands, although appearing to be simply a matter of the presence (or
absence) of a DNA fragment in the genome is in fact controlled by two independent
areas or 'loci', i.e. the primer binding sites. A change in either of these two sites can
result in the loss of the band from a fingerprint and thus a 'O' being recorded for that
band size in a particular strain. If we then consider two strains we are in fact
considering the environments of four 'loci' (primer binding sites) for each band that the
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strains share. The Jaccard method of matching fails to appreciate this and so was 
eliminated for this reason. It was also felt that the large number of band positions (45) 
and hence 90 "binding loci" and the large number of strains (84) would compensate for 
any inaccuracies observed with simple matching.
Following the application of Cluster Analysis to the plots the overall levels of 
similarity observed between strains with the Jaccard method of analysis are greatly 
reduced as compared to those seen with the simple matching method of analysis. This 
is easily observed with the Cluster Analysis shading applied to the ordinate plots, 
Figures 3.2 and 3.3. The point at which the final merging of clusters occurs is at a level 
of similarity of 62.1 %, when the simple matching method is employed, but only at 0.8 
% similarity with the Jaccard method of matching. A higher level of similarity between 
strains indicates a greater relationship between them. A similarity of 62.1 % suggests 
that the strains being considered are fairly related to each other. The fact that all the 
strains are from a soil environment, form associations with leguminous plants and have 
the ability to fix N2 would indicate that they are related to a certain degree. A level of
similarity of only 0.8 %, as deduced by the Jaccard matching, indicates the strains are 
totally unrelated to each other. This is not the case and so lends further support to the 
argument for using simple matching.
The final piece of evidence to support the use of simple matching is found 
when the 70 % level of similarity is examined. Results from simple matching show that 
most strains have been linked to their respective species clusters at the 70% level. 
However with the Jaccard method only eight clusters have started to develop at this 
level of similarity. This accounts for only 19 strains which is less than a quarter of 
those used in this study.
This method of strain classification examines homologies at the molecular level.
It is likely that primer-target sequences are spread throughout the bacterial genome
and that this gives a representative overview of the total genomic homology which
allows a reliable means of distinguishing among isolates at the individual, biovar and
species levels. Although useful in itself for the study of populations, observations of
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product commonality and polymorphism's arising from Rhizobium RAPDs offer the 
opportunity to develop strain, biovar and species-specific DNA probes based on these 
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Figure 3.1: RAPD fingerprints produced using the primer SPH1. Patterns were obtained from strains of R. leguminosarum biovar viciae (a), 
biovar trifolii (b), biovar phaseoli (c), R. meliloti (d) and Bradyrhizobium (e). Strain names are marked above each lane. Marker VI (B. 
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Figure 3.2: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of data from DNA amplification with primer SPH1. Data was matched using 
Simple Matching. Isolates can be identified as R. leguminosarum bv trifolii (T), bv 
viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). Isolates were 
grouped according to the results of Cluster Analysis which has been applied to the








Figure 3.3: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of data from DNA amplification with primer SPH1. Data was matched using 
Jaccard Matching. Isolates can be identified as R. leguminosarum bv trifolii (T), bv 
viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). Isolates were 
grouped according to the results of Cluster Analysis which has been applied to the
PCO plot using four levels of clustering; 50-70% (---- ), 70-75 % (-----), 75-80 %
(---- ) and 80-100 % (-----).
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From a statistical analysis of RAPD patterns produced using two random 
primers (SPH3 and SPH7) alone or in dual primed reactions it was not possible to 
totally differentiate amongst the eighty-four Rhizobium and Bradyrhizobium isolates 
under investigation. However from an analysis of patterns produced when using the 
two primers in a dual primed reaction it was possible to distinguish between isolates of 
the species R. leguminosarum biovar trifolii more clearly than when any other primer 
(including SPH1) was used alone. This suggests that, with the use of the correct 
primers in a dual primed reaction, it should be possible to classify any Rhizobium 
isolate. When data from several reactions were combined no additional advantage was 
gained in classifying the isolates, and even in some cases the combinations of data 
resulted in an overall reduction in resolving power.
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Introduction
The use of two primers in a RAPD reaction has been reported by Caetano- 
Anolles eta l., (1991), Fekete et al., (1992) and Welsh and McClelland, (1991). Using 
dual primers in producing RAPDs results in a different banding pattern to that 
observed when the two primers are used alone. This double primer reaction may even 
be used to produce RAPD profiles from primers which, when used alone, showed no, 
or limited, band production. Possible reasons for these observations are that two target 
sites for a single primer are too spaced within the genome to permit DNA amplification 
to proceed to any degree of success. However, when used together the two primers 
complement each other with their respective primer binding sites over-lapping. This 
allows amplification to proceed and results in a product which has two different primer 
sequences at its termini. Welsh and McClelland (1991) and Fekete et al., (1992) report 
finding that 67% and 30-50% respectively of bands in a double primed reaction are not 
observed in reactions when each primer is used alone. This therefore indicates that 
between 30-70% of bands in a double primed reaction have different primer sequences 
at their termini.
For further analysis of the Rhizobium genome it was decided to investigate the 
efficiency of using two primers (in a double primed reaction) to produce RAPD 
profiles. The possibility of using these fingerprints for the purposes of classification 
was also assessed. The selection of the two primers, SPH3 and SPH7, for use in 
double primed and single primed reactions was based upon the results of a previous 
investigation by Harrison et al., (1992). This group screened 21 various random 
primers for their ability to produce amplified products from Rhizobium isolates and 
found that only seven of the primers were capable of producing patterns. Of these 
seven primers SPH1 was found to be the most efficient whilst SPH3 and SPH7 were 
slightly less so. These two primers were therefore deemed to offer the greatest 
potential for producing amplified banding patterns which were not going to be
excessively affected by either of the primers.
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Additionally, data from two or three amplification reactions using different 
primers were combined. This was done in order to examine the effect that each data 
sets may have on the overall results. It was hoped that the use of two or more sets of 
data would produce a PCO plot which was the result of extrapolation of the strongest 
trends observed within each individual data set. This, it was hoped, would give a 
clearer picture of the phylogenies within the Rhizobium species.
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Materials and Methods
The 84 strains selected for analysis with the primer SPH1 were again employed 
for analysis with the two primers, SPH3 and SPH7. These strains are shown in Table 
2.1, Chapter 3.
Production o f  RAPD finservrints:
Amplification reactions were carried out as described previously in the general 
Materials and Methods (Chapter 2). The primers SPH3 (5'-GACGACAGCGGC-3') 
(DLS, Gateshead) and SPH7 (5'-CAGCCACAGCGC-3') (ILS), whether used in single 
primer or double primer reactions, were added to final concentrations of 27 and 29 
pmol respectively.
Fingerprints obtained by amplification using these primers were analysed using 
the techniques described in Chapter 2.
Further analysis:
Further analysis of the data was carried out by combining the data relating to 
band presence (1) or absence (0), obtained from RAPD profiles produced using the 
three primers SPH1, SPH3 and SPH3+7 individually. Data were combined as follows; 
SPH1 and SPH3; SPH1 and SPH3+7; SPH3 and SPH3+7 and finally SPH1, SPH3 and 
SPH3+7. It was noted that in some combinations, namely those involving SPH3 and 
SPH3+7, that some bands may be counted twice owing to their amplification in both 
the single primer (SPH3) reaction and the double primer (SPH3+7) reaction. It was 
felt that the small number of bands of this type would not unduly effect the results 
obtained due to the large, overall number of bands being considered. PCO and Cluster 




Analysis o f SPH3 vrimed reactions:
The results of amplification with the primer SPH3 alone are shown in Figure 
4.1 which shows RAPD patterns from isolates of R. leguminosarum biovar viciae (a), 
R. leguminosarum biovar trifolii (b), R. leguminosarum biovar phaseoli (c), R. 
meliloti (d) and Bradyrhizobium (e).
DNA amplification with SPH3 produced between 1 and 20 amplified products 
per strain with the exception of R. leguminosarum biovar phaseoli strain 3614 which 
produced no bands. Band sizes were between 0.3 Kb and 3 Kb. The total number of 
discernible bands examined between the 84 strains was 60 (see Appendix 5). Analysis 
of these bands resulted in the production of the similarity matrix shown in Appendix 6.
Figure 4.2 shows the results of applying PCO analysis and Cluster Analysis to 
the data derived using the primer SPH3 alone. The spatial distribution of isolates 
within the ordinate plot offers little indication in identifying unknown isolates except 
on a very general scale. There are few clear groupings of strains from particular 
species except for two large, ill-defined areas; the lower left-hand quadrant of the 
graph (-0.4 to -0.1 and -0.3 to 0.2 with respect to ordinates 1 and 2 respectively) and 
the area of the graph to the right of -0.1 with respect to ordinate 1. The lower left- 
hand area contains a large proportion of R. meliloti and R. leguminosarum biovar 
phaseoli strains, with only four other isolates present (three isolates of R. 
leguminosarum biovar trifolii and one isolate of R. leguminosarum biovar viciae). On 
application of Cluster Analysis, two of the R. leguminosarum biovar trifolii strains 
cluster with other groups leaving the remaining R. leguminosarum biovar trifolii 
isolate linked with a R. meliloti strain. The R. leguminosarum biovar viciae isolate 
clusters with a group composed primarily of R. leguminosarum biovar phaseoli 
isolates. The second area (to the right of -0.1 with respect to ordinate 1) contains the 
majority of the isolates from R. leguminosarum biovars trifolii and viciae. However, it
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also contains a selection of strains from the other species and biovars thus making 
absolute identification by simple spatial positioning impossible.
Following the application of Cluster Analysis to the PCO plot (depicted as 
shading on Figure 4.2) a complex pattern of related isolates develops especially in the 
region of the plot where there exists a high concentration of R. leguminosarum biovar 
viciae and trifolii isolates.
When the level of similarity used in the Cluster Analysis is 80-100%, twenty 
small clusters are apparent, the largest comprising nine strains of mixed species (four 
isolates of R. leguminosarum biovar trifolii, one R. leguminosarum biovar viciae 
isolate, three R. meliloti isolates and one Bradyrhizobium isolate). Many of the 
remaining clusters are composed of two or three isolates of the same species, although 
seven groups are formed by the clustering of isolates of mixed species.
At the next level of clustering considered (75-80%) only nine clusters are in 
evidence; one large group containing the majority of strains and eight smaller clusters. 
The larger group brings together many of the smaller groups formed at the 80-100% 
level. Several isolates which had remained unlinked were also incorporated into this 
group. This large cluster contains isolates from all the species and biovars under 
examination. Of the remaining groups, one links three Bradyrhizobium isolates, at the 
top of the graph, to a single R. leguminosarum biovar trifolii isolate, another contains 
six isolates of R. meliloti and one R. leguminosarum biovar phaseoli isolate and there 
are two groups of three R. leguminosarum biovar phaseoli isolates only. Two other 
clusters of three isolates link two Bradyrhizobium to a R. meliloti and a R. meliloti, R. 
leguminosarum biovar phaseoli and R. leguminosarum biovar viciae together. One 
cluster links two previously free strains, a R. leguminosarum biovar trifolii and a R. 
meliloti, while the final grouping links a single R. leguminosarum biovar phaseoli 
isolate to the largest cluster (formed at the 80-100% level of similarity) forming a 
cluster of ten isolates. Many of the strains in this group are spatially interspersed within 
the large group formed at the 75-80% level of clustering.
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The final level of clustering considered was the 70-75% level at which only six 
groups, two formed at the 75-80% level of clustering and four new groups, remain. A 
single, unlinked Bradyrhizobium strain is also present at the 70-75% level of 
clustering. The two existing groups contain three Bradyrhizobium isolates and one R. 
leguminosarum biovar trifolii isolate; and an isolate of R. meliloti linked to a R. 
leguminosarum biovar trifolii isolate, respectively. The third cluster formed at the 70- 
75% level of similarity is created by the linking of the ten isolate cluster, described at 
the 75-80% level, to the large group which was also formed at the 75-80% level of 
similarity. Another cluster is formed when one of the groups of three R.
leguminosarum biovar phaseoli isolates links with a lone R. leguminosarum biovar 
phaseoli isolate and the group containing single strains of R. meliloti and R. 
leguminosarum biovars phaseoli and viciae. A ten strain cluster is formed by the 
linking of two groups, one containing six isolates of R. meliloti and one R.
leguminosarum biovar phaseoli isolate and the second consisting of three R.
leguminosarum biovar phaseoli isolates only. The last group formed at the 70-75% 
level links a lone R. meliloti to the group containing two Bradyrhizobium and a R. 
meliloti to form a four isolate cluster.
From the statistical analysis of the RAPDs produced by amplification using the 
primer SPH3 alone it is not possible to identify or classify the various biovars or 
species with any degree of certainty. There is only a limited amount of separation 
observable within the PCO plot, this mainly being the R. meliloti and R.
leguminosarum biovar phaseoli isolates which have separated from the majority of the 
other strains. This kind of separation is better observed using the primer SPH1 alone 
(see Chapter 3). It can be concluded that amplification with the primer SPH3 alone 
produces no useful data for the classification of the Rhizobium and Bradyrhizobium 
species.
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Analysis ofSPH 7 primed reactions:
Amplification with the primer SPH7 alone produced the results shown in 
Figure 4.3. Profiles were obtained from the following species R. leguminosarum 
biovar viciae (a), R. leguminosarum biovar trifolii (b), R. leguminosarum biovar 
phaseoli (c), R. meliloti (d) and Bradyrhizobium (e). It was noted that only ten 
isolates of Bradyrhizobium gave rise to RAPD profiles using this primer alone. No 
pattern was obtained from the isolates 2?r3201, Br3427 or i?r3819. As can be seen, 
from Figure 4.3, a limited number of bands per strain (between 1 and 9 [isolate 
Rp2609]) were produced, of which at least one displayed a high level of homology 
throughout the species. This limited number of bands offered no potential for 
classification of the species therefore no further analysis using this data was attempted. 
It was noted, however, that a common band of 660 bp size may be of use as a probe 
for the detection of strains of either Rhizobium or Bradyrhizobium. A second band of 
size 977 bp was observed in the majority of strains from the species R. 
leguminosarum, including those of the biovar phaseoli. This band may be of use for 
detection of strains from this species. Neither lines of enquiry regarding the potential 
probes were followed further in this study.
Analysis o f  SPH3+7 primed reactions:
Fingerprints produced by amplification using the two primers SPH3+7 are 
shown in Figure 4.4 which shows patterns from R. leguminosarum biovar viciae (a), 
R. leguminosarum biovar trifolii (b), R. leguminosarum biovar phaseoli (c), R. 
meliloti (d) and Bradyrhizobium (e).
DNA amplification with SPH3+7 produced between two and twenty amplified
products per strain. The product sizes observed with the double primed reaction were
between 0.09 Kb and 3 Kb. The average product size from the double primed reaction
was generally smaller than that observed in reactions where the primers were used
singly. Similar results were reported by Caetano-Anolles et al., (1991), Fekete et al.,
(1992) and Welsh and McClelland, (1991). The total number of bands shared among
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all 84 strains was 85 (see Appendix 7). This number is greater than that observed with 
either of the primers alone and is probably accountable by the increase in the number 
of smaller products produced in this double primed reaction. Of these 85 bands only 44 
(52%) are similar to those found when each primer is used alone. This observation is 
similar to that of Fekete et al., (1992) who found between 50-70% of amplified 
products in a double primed reaction are common to reactions when either primer is 
used alone. Welsh and McClelland, (1991), however, only found 30% of bands are 
common to both type of reaction. The similarity matrix produced following analysis of 
the bands is shown in Appendix 8.
Figure 4.5 shows the ordination plot resulting from analysis of the RAPDs 
produced from a double primed reaction. From initial observations it can be seen that 
some spatial separation occurs, in that all R. leguminosarum biovar trifolii and R. 
leguminosarum biovar viciae (except one R. leguminosarum biovar viciae isolate) 
strains fall on the side of greater than -0.1 and 0.0 respectively, with respect to 
ordinate 1. There is also a further separation in that the R. leguminosarum biovar 
viciae isolates mostly fall below 0.0 with respect to ordinate 2 whereas the R. 
leguminosarum biovar trifolii isolates are mainly located above this intersection. This 
would suggest that with larger numbers of isolates, of these two biovars, it may be 
possible to employ this double primed reaction as a tool to identify differences between 
the two biovars of R. leguminosarum which are undetectable using the primer SPH1 
alone (see Chapter 3). R. leguminosarum biovar phaseoli isolates appear to be 
gathered in the bottom left-hand section of the plot with values of less than 0.0 and -
0.05 with respect to ordinates 1 and 2 respectively. Both the species R. meliloti and 
Bradyrhizobium have separated into the upper left portion of the plot, with most 
isolates having values of greater than -0.05 with respect to ordinate 2 and less than
0.05 with respect to ordinate 1. These two species appear to be very intermingled 
using this plot although a few small clusters are observable.
Upon application of Cluster Analysis the apparent clusters do not hold so well.
At the 80-100% level of similarity, one large cluster forms which encompasses all, bar
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four, of the R. meliloti isolates and ten of the thirteen Bradyrhizobium isolates. This 
large group also contains a selection of isolates from the three biovars of the species R. 
leguminosarum but mainly those converged near to the origin. The remaining 31 
strains, not incorporated into this large cluster, remain as individual, unlinked isolates 
at this level of similarity.
Three clusters form when the level of similarity examined is reduced to 75- 
80%. The largest of these groups links the ungrouped Bradyrhizobium and R. meliloti 
isolates together with nine isolates from the species R. leguminosarum (five biovar 
trifolii, two biovar viciae and two biovar phaseoli) to the cluster formed at the 80- 
100% level of similarity. The second largest group (at the 75-80% similarity level) 
contains seven R. leguminosarum biovar viciae isolates which lie in the lower right- 
hand segment of the plot. The third and smallest cluster groups three isolates of R. 
leguminosarum biovar phaseoli together. At this level of clustering six strains remain 
ungrouped. All 84 isolates are joined into one cluster at the 70-75% level of similarity.
As with the analysis of data from the results of amplification with SPH3 it is
not possible to draw many definitive conclusions about the identification of particular
species. However the spatial orientation of the two biovars of R. leguminosarum
(biovars trifolii and viciae) suggest it may be possible to use this primed reaction to
identify unknown isolates of these two biovars. This observation is very interesting as
the two biovars are closely related and a method of discriminating between them
would be useful. The results also indicate that with the use of the correct primer or
primers for amplification it should be possible to differentiate between these two
biovars. Welsh and McClelland (1991) used three primers in single primed
amplification reactions and in a pairwise arrangement to achieve double primed
reactions. They report that with these three primers it was possible to map
polymorphisms in an inbred line of mice. By increasing the number of variables, i.e.
primers, in this way one starts to increase the ability to discriminate between
individuals. Carried to its extreme one would finish with a complement of primers
covering the whole genome. It should therefore be possible to use various primers to
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totally classify Rhizobium and Bradyrhizobium populations such as those used in this 
study.
In order to examine the relationship between the R  leguminosarum biovars 
trifolii and viciae the band data for these two biovars was examined separately from 
the other species. The results obtained following analysis of strains from R  
leguminosarum biovars trifolii and viciae only are shown in Figure 4.6. A straight line 
is formed after this analysis. The R. leguminosarum biovars trifolii isolates, except 
two, can be seen to lie on the upper end of the line above the origin (0,0). Twelve of 
the R. leguminosarum biovar viciae strains are found in the lower end of the group 
with ordinate values of less than zero with respect to both axes. When Cluster Analysis 
is applied to these data (this is not shown on the plot for clarity) the apparent variation 
between the biovars trifolii and viciae, as seen by their spatial separation, no longer 
holds true. Small groups of up to six isolates, from one biovar only, are observed at a 
similarity level of 80% and over. However, at lower levels of similarity the groupings 
become mixed and all the strains eventually converge at a similarity level of 70%. This 
result does, however, tend to support the belief that these two biovars are highly 
related. When a comparison of all isolates from the species R. leguminosarum is made 
by adding the data for R. leguminosarum biovar phaseoli the ordinate plot shown in 
Figure 4.7 is produced. From this it can be seen that the R. leguminosarum biovars 
trifolii and viciae strains form a straight line similar to that in Figure 4.6. However the 
isolates from the two biovars are more intermingled in this case. The R. 
leguminosarum biovar phaseoli isolates, however, form a loose group off to the side 
of the line formed by the biovar trifolii and viciae isolates. This would indicate that 
this biovar {phaseoli) is not as related to the other two biovars as they are to each 
other. Overall these results reflect those found in Chapter 3 and reported by Segovia et 
al., (1991) and Dooley et al., (1993). It can be concluded, therefore, that the use of 
these two primers, in a double primed reaction, for the identification of individual 
biovars from a species is not as useful as it first appears. This may, however, be the
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result of a small sample size (36 isolates) and as this is increased the level of detection 
may increase also.
Additional analysis:
In order to produce a single, large data set from two or more smaller sets the 
1 s and Os were simply added together end to end. This, in effect, artificially increased 
the number of products being compared. Had the two original data sets been 
recalculated it may not have resulted in as large a number of products being examined. 
However it was felt that treating two RAPD products of the same molecular size, 
although produced in different primed reactions, as identical was not acceptable as 
they will have different termini sequences. This means they will have derived from 
different parts of the genome therefore cannot be regarded as identical DNA 
fragments.
The range of products observed when two sets of results are combined differs 
from those if a new RAPD reaction is carried out using the two primers in a double­
primed reaction. This can be explained by using the first combination outlined below,
i.e. that of SPH1 and SPH3. Following a RAPD reaction using the primer SPH1 alone 
all the bands produced will have SPH1 primer biding sites at their termini while those 
bands from a SPH3 primed reaction will have SPH3 primer sites at the end. Combining 
data from these two reactions results in an increase in the product number, but all 
products still have either a SPH1 or SPH3 primer sites at their termini. If, however, the 
two primers are combined in a double-primed RAPD reaction we would still expect an 
increase in the number of products as outlined above, but not all the products will have 
the same primer site at both ends. Some products will have an SPH1 binding site at 
one end and a SPH3 site at the other. Additionally the average band size decreases 
when two primers are used in a double primed RAPD reaction, however, when two 
data sets are combined this does not happen.
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Combined data from SPH1 and SPH3 primed reactions:
When the data from amplification reactions primed with the primer SPH1 was 
combined with the results from SPH3 primed reactions the number of product under 
investigation totalled 105 (45 from SPH1 primed reactions and 60 from SPH3 primed 
reactions). The similarity matrix obtained following analysis of this data set is shown in 
Appendix 9.
Following analysis of this new data set the PCO plot shown in Figure 4.8 was
produced. The results of analysis from a combination of SPH1 and SPH3 data shows
an overall resemblance to that of the results from analysing SPH1 data alone. Spatial
orientation within Figure 4.8 reveals that the R. meliloti isolates form two groups and
that the Bradyrhizobium can also be distinguished, to a certain extent, from the
remaining strains. The isolates of R. leguminosarum biovar phaseoli also form a
distinct group but again the R. leguminosarum biovars trifolii and viciae cannot
readily be distinguished from each other. When Cluster Analysis was applied to the
data eighteen clusters were formed at the highest level (80-100%) of similarity. These
clusters, except for two, are not shown on the plot for clarity. The two groups
highlighted link four and two strains of R. leguminosarum biovar phaseoli
respectively. These two groups are shown as they remain independent of the other
groupings even at the lowest level of similarity examined in this study. The remaining
clusters observed at the 80-100% level of similarity are mainly comprised of between
two and nine isolates of the same species or biovar. When the 75-80% similarity level
is examined ten clusters can be observed, the main one containing the isolates from R.
leguminosarum biovars trifolii and viciae along with five R. leguminosarum biovar
phaseoli isolates, three Bradyrhizobium and three R. meliloti isolates. There are also
three groups containing Bradyrhizobium isolates only, two sets of R. meliloti only and
three clusters formed by the linking of R. leguminosarum biovar phaseoli isolates only.
The final cluster observed at this level of similarity contains two R. leguminosarum
biovar trifolii isolates and one isolate each of R. meliloti and R. leguminosarum biovar
viciae. This clustering pattern is similar to that obtained when SPH1 was analysed
87
alone (Chapter 3). From Figure 4.8 it can be seen that at the 70-75% level of similarity 
only four groups are in evidence; one contains Bradyrhizobium and R. meliloti isolates 
only, two contain R. leguminosarum biovar phaseoli isolates only and the fourth 
contains the R. leguminosarum biovars trifolii and viciae with a few isolates from the 
other species.
From comparisons of this plot to those produced by SPH1 and SPH3 alone it 
would appear that the effects caused by amplification by SPH1 have a greater influence 
on this combined data than those caused by SPH3. Data from SPH3 amplification 
alone shows no useful traits which could be used for classification studies and in this 
combined data set it appears to be only having a deleterious effect on the original data 
obtained from SPH1 amplification. This would indicate that in this case the combining 
of two data sets shows no marked increase in clarity of the results and so is of no 
practical use.
Combined data from SPH1 and SPH3+ 7primed reactions:
The number of bands being considered when SPH1 and SPH3+7 data was
combined totalled 130 and the similarity matrix produced following analysis of this
data is shown in Appendix 10. The PCO plot obtained after analysis of combined data
from SPH1 and SPH3+7 is shown in Figure 4.9. Like the data from the combination of
SPH1 and SPH3 the strong influence of SPH1 data shows through in the general
spatial layout of isolates. This would suggest that the combining of data in the way
done here is not having a negative effect on the overall combined results, i.e. the larger
number of products from SPH3+7 results (which is almost double that of SPH1) is not
unduly skewing the analysis, but the quality of the data is having a greater effect. The
species and biovar orientations on this plot are remarkably similar to those seen on the
plot when SPH1 data only is analysed (Figure 3.2, Chapter 3). This suggests that the
SPH1 data is having a strong influence on the combined data set being examined here.
From observations of Figure 4.9 it can be seen that the R  leguminosarum biovar
phaseoli strains form a loose group at the upper edge of the plot. The R. meliloti
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strains form two clusters down the left margin of the plot with the Bracfyrhizobium 
isolates laying along the bottom edge of the plot in a long drawn out shape. The R. 
leguminosarum biovars viciae and trifolii isolates are found mostly in the right hand 
region of the plot. However on closer examination of the spatial separation of the 
strains one major difference between the two PCO plots (Figures 3.2, Chapter 3 and 
Figure 4.9) can be seen. The strains of R. leguminosarum biovars trifolii and viciae 
appear to be more easily distinguishable, within their general cluster, with the 
combined data than they are with SPH1 data only. This suggests that the influence of 
the SPH3+7 data is having a greater effect on these biovars than the SPH1 data and 
thus combining the two data sets appears to be advantageous in this case. This 
observation holds true even when Cluster Analysis has been applied to the plot. This 
result would suggest that certain primers are better than others for the elucidation of 
variations between strains of a single species. By employing a larger range of primers it 
may therefore be possible to identify single individuals from a particular species. When 
two primers are used in double primed reactions there is usually an increase in the 
number of bands produced (Welsh and McClelland, 1991). This was also noted in the 
reactions when SPH3 and SPH7 were used together. Caetano-Anolles et al., (1991) 
have reported that complex patterns (such as these double primed reactions) contain 
more information and so are of more use for genotyping. It may be that the increased 
band number and hence pattern complexity observed in double primed reactions allows 
for a more detailed examination of individuals. The use of a variety of primer 
combinations for Rhizobium studies should make it possible to identify individuals of 
the species R. leguminosarum biovars trifolii and viciae. The primers SPH1 and either 
SPH3 or SPH7, if used in a double primed reaction may be useful for individual strain 
identification as SPH1 appears to be very useful for classifying species whilst SPH3 
and SPH7 are fairly useful for individual isolate identification within particular species.
At the 80-100% level of similarity fifteen clusters can be observed; two contain
Bradyrhizobium isolates only, a third contains R  meliloti strains only and a fourth,
larger group forms when four Bradyrhizobium strains cluster with ten R. meliloti
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isolates. There are also five clusters with R. leguminosarum biovar phaseoli isolates 
only and one linking two R. leguminosarum biovar phaseoli isolates and two R. 
meliloti isolates. The R. leguminosarum biovar viciae isolates form four clusters which 
account for thirteen of the isolates, while a further four remain ungrouped. The final R. 
leguminosarum biovar viciae isolate links with a large group comprising seventeen of 
the eighteen R. leguminosarum biovar trifolii isolates along with two Bradyrhizobium 
and one R. meliloti isolates. The results of this Cluster Analysis seem to support the 
hypothesis that the individual influences of the SPH1 and SPH3+7 data produce a 
better overall separation of strains, especially with regard to the R. leguminosarum 
biovar viciae and trifolii isolates. The R. leguminosarum biovar viciae and trifolii 
isolates were analysed separately as described above. However results similar to those 
found earlier were observed and so are not shown here. When the 75-80% level of 
similarity is examined five clusters are present. One collection contains primarily R. 
leguminosarum biovar phaseoli isolates along with two R. meliloti isolates. Two 
groups contain three isolates of R. leguminosarum biovar viciae each, one is formed 
by the clustering of six Bradyrhizobium strains from three previously formed groups. 
The remaining isolates form the final cluster at this level of analysis (not shown for 
clarity). A single group of all 84 isolates is present at the 70-75% level of similarity. 
This early clustering of all isolates makes it impossible to draw any meaningful 
conclusions from these results.
Combined data from SPH3 and SPH3+ 7 primed reactions:
Figure 4.10 shows the PCO plot produced following analysis of combined data
from SPH3 primed and SPH3+7 primed amplification reactions. Combining data from
these two amplification reactions resulted in 145 products being compared. This
resulted in the production of the similarity matrix shown in Appendix 11. From
observations of this plot it can be seen that certain areas appear to contain strains from
specific species or biovars only. All the R. leguminosarum biovar viciae, except four,
fall on the left of the graph within the region of less than -0.1 with respect to ordinate
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1. These strains are bounded within the area -0.2 to 0.2 with respect to ordinate 2. 
Within this region there are only three strains which are not R. leguminosarum biovar 
viciae strains; two R. leguminosarum biovar trifolii strains and one Bradyrhizobium 
strain. The R. leguminosarum biovar phaseoli strains, with the exception of three 
isolates, fall within the region of the plot bounded by greater than -0.05 and less than 
0.21 with respect to ordinate 1 and greater than 0.1 with respect to ordinate 2. The R. 
meliloti strains appear to be mainly located in the lower right-hand quadrant of the plot 
along with the Bradyrhizobium isolates. The R. leguminosarum biovar trifolii strains 
occupy a central region of the graph between -0.1 and 0.1 with respect to ordinate 1 
and (except for two strains) greater than 0.0 with respect to ordinate 2. From simple 
spatial orientation it would, therefore, appear that the combination of these two data 
sets is advantageous for strain identification. However, when Cluster Analysis is 
applied this apparent spatial separation dissolves. Cluster Analysis has not been shown 
on the plot for clarity, however, at the 80-100% level of similarity 21 clusters form 
within the plot. These are composed of between two and eight strains in size. The 
number of clusters is reduced to ten at the 75-80% level of similarity and finally six at 
the lowest level of similarity considered (70-75%). The groups formed, especially at 
the 75-80% and lower levels of similarity, pay little consideration to species or biovars 
and are mostly formed from several strains types.
It was concluded that although the spatial separation seen with this combined 
data set appeared useful for strain identification it is, in fact, of limited use. However, 
the marked separation of the R. leguminosarum biovars trifolii and viciae suggests 
that the use of a triple combination data set may result in a better final plot where it 
may be possible to classify all the Rhizobium and Bradyrhizobium strains used in this 
study.
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Combined data from SPH1 and SPH3 and SPH3+ 7 primed reactions:
The combining of three data sets results in the largest number of products 
being examined. This amounts to 190 amplified products, which gave rise to the 
similarity matrix shown in Appendix 12. Following analysis of this data the PCO plot 
shown in Figure 4.11 was produced. From simple observations of the spatial 
distribution of the strains the plot appears quite similar to that when SPH1 data was 
analysed alone. Within the group containing strains of R  leguminosarum biovar viciae 
and biovar trifolii, small clusters of isolates, from the two biovars, appear to be 
emerging. When Cluster Analysis is applied to the plot the strains remain in fairly 
consistent groupings especially at the higher, 80-100%, level of similarity used. At this 
level of analysis nineteen clusters are in evidence. There are four groups of 
Bradyrhizobium strains only, one consisting of three strains and three of two isolates 
each. A single Bradyrhizobium isolate links with two R. meliloti strains to form a fifth 
cluster, while there are also two groups containing R. meliloti isolates only. One of 
these comprises nine strains and the other three. Three sets of R. leguminosarum 
biovar phaseoli can be seen, one of five isolates and the other two composed of two 
strains each. The eleventh cluster comprises two R. leguminosarum biovar phaseoli 
isolates and a R. leguminosarum biovar trifolii strain. The last R  leguminosarum 
biovar phaseoli strain to cluster at this level of similarity links with a R. 
leguminosarum biovar trifolii strain to form a two strain group. The remaining R. 
leguminosarum biovar phaseoli strains do not group at this level of similarity. The 
final seven clusters formed at the 80-100% level of similarity are comprised of R. 
leguminosarum biovar trifolii and R. leguminosarum biovar viciae strains. There are 
three groups of R. leguminosarum biovar viciae strains only, one each of two, three 
and four isolates. There is one group of two R  leguminosarum biovar trifolii strains 
only. The final, and largest, cluster at this level of similarity comprises eleven R. 
leguminosarum biovar trifolii and three R  leguminosarum biovar viciae isolates.
When the 75-80% level of similarity is considered only eight clusters remain.
Two of these are unlinked groups (one R. leguminosarum biovar phaseoli and one
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Bradyrhizobium) formed at the 80-100% similarity level. The third cluster is formed 
when the two groups of R. meliloti strains join with the previously formed cluster 
comprising two R. meliloti and one Bradyrhizobium strains. A large cluster is formed 
by the clustering of all (except three) of the R. leguminosarum biovar phaseoli strains 
with two R. leguminosarum biovar trifolii isolates. Two groups, one of seven and one 
of four, strains of R. leguminosarum biovar viciae are formed at this level of similarity. 
A smaller group forms when a single R. meliloti isolate links with two R. 
leguminosarum biovar trifolii strains. The final group seen comprises a mixture of 
seven Bradyrhizobium, fifteen R. leguminosarum biovar trifolii and seven R. 
leguminosarum biovar viciae strains.
Two large clusters remain at the 70-75% level of similarity. The smaller group 
comprises the large R. meliloti cluster formed at the 75-80% level and the three 
Bradyrhizobium strains which grouped at the 80-100% level of similarity. The 
remaining isolates form the second cluster.
The results obtained from combining all three data sets were not as clear as 
was hoped although at the 75-80% level of similarity it was possible to distinguish a 
proportion (ten) of the R. leguminosarum biovar viciae strains from the R. 
leguminosarum biovar trifolii strains. However the clustering of the R. leguminosarum 
biovar trifolii isolates with the Bradyrhizobium isolates at this level somewhat nullifies 
the result.
Conclusions:
From an overall examination of all the results outlined here it can be concluded
that (i) the results from analysis of SPH1 primed amplification reactions provides the
best means of classifying the Rhizobium and Bradyrhizobium strains used in this study;
(ii) the use of primers SPH3 and 7 in a double primed reaction appears to confirm
findings made with primer SPH1 alone and reported in Chapter 1. (iii) Combined data
from SPH1 and SPH3 and 7 reactions appears to provide a fairly accurate method for
distinguishing between R. leguminosarum biovar viciae and R. leguminosarum biovar
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trifolii isolates. However, when these two biovars are analysed alone the accuracy is 
not so well maintained, with results being similar to those when SPH3 and 7 data only 
was analysed (Figure 4.6). (iv) Results from SPH3+7 double primed amplification 
reactions shows that although R. leguminosarum biovars trifolii and viciae are highly 
related there are discernible differences between them which could be exploited to 
allow total classification of this species, (v) SPH3 data is of little use for classifying the 
Rhizobium and Bradyrhizobium strains used in this study. Its use in combined data 
analysis even has a greater detrimental than beneficial effect on the overall analysis; 
(vi) Combining data sets by simply adding them together, which in effect increases the 
number of amplified products, does not appear (except in the case of SPH3 data) to 
unduly effect the analysis, (vii) The SPH1 data appears to have the greatest influence 
on the overall outcome when combined data is analysed. This occurs even though the 
number of products observed following amplification with the primer SPH1 alone is 
less than the number of products seen following amplification with the other primers 
(except SPH7). (viii) The effect of combining data with that from SPH1 primed 
amplifications is to increase the resolving power, especially between isolates of R. 
leguminosarum biovar trifolii and biovar viciae. This would indicate that although 
primer SPH1 is useful for species differentiation it may not be as useful as some other 
primers for classifying closely related biovars of the same species, (ix) Finally it can be 
concluded that it would appear that with the use of the correct primers in the correct 
combinations it should be possible to classify any Rhizobium or Bradyrhizobium 





Figure 4.1: RAPD fingerprints produced using the primer SPH3. Patterns were obtained from strains of R. leguminosarum biovar viciae (a),
biovar trifolii (b), biovar phaseoli (c), R. meliloti (d) and Bradyrhizobium (e). Strain names are marked above each lane. Marker VI (B.
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Figure 4.2: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of data from DNA amplification with primer SPH3. Data was matched using 
Simple Matching. Isolates can be identified as R. leguminosarum bv trifolii (T), bv 
viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). Isolates were 
grouped according to the results of Cluster Analysis which has been applied to the
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Figure 4.3: RAPD fingerprints produced using the primer SPH7 alone. Patterns were obtained from strains of R. leguminosarum biovar viciae
(a), biovar trifolii (b), biovar phaseoli (c), R. meliloti (d) and Bradyrhizobium (e). Strain names are marked above each lane. Marker VI (B.
Mannheim) was added to the outer lanes. Marker sizes (arrowed) are in bp
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Figure 4.4: RAPD fingerprints produced using the primers SPH3 and SPH7 in a double primer reaction. Patterns were obtained from strains of R.
leguminosarum biovar viciae (a), biovar trifolii (b), biovar phaseoli (c), R. meliloti (d) and Bradyrhizobium (e). Strain names are marked above
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Figure 4.5: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of data from DNA amplification with primers SPH3 and SPH7. Data was 
matched using Simple Matching. Isolates can be identified as R. leguminosarum bv 
trifolii (T), bv viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). 
Isolates were grouped according to the results of Cluster Analysis which has been
applied to the PCO plot using three levels of clustering; 70-75 % (---- ), 75-80 %
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Figure 4.6: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of data from DNA amplification with primers SPH3 and SPH7. Data was 
matched using Simple Matching. Isolates can be identified as either R. 
leguminosarum bv trifolii (T) or bv viciae (V).
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VFigure 4.7: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of data from DNA amplification with primers SPH3 and SPH7. Data was 
matched using Simple Matching. Isolates can be identified as R. leguminosarum bv 
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Figure 4.8: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of combined data. The data sets were obtained following DNA amplification 
with primer SPH1 and amplification with primer SPH3. Data was matched using 
Simple Matching. Isolates can be identified as R. leguminosarum bv trifolii (T), bv 
viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). Isolates were 
grouped according to the results of Cluster Analysis which has been applied to the
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Figure 4.9: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of combined data. The data sets were obtained following DNA amplification 
with primer SPH1 and amplification with primers SPH3 and SPH7. Data was 
matched using Simple Matching. Isolates can be identified as R. leguminosarum bv 
trifolii (T), bv viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). 
Isolates were grouped according to the results of Cluster Analysis which has been
applied to the PCO plot using three levels of clustering; 70-75 % (---- ), 75-80 %
(---- ) and 80-100 % (---- ).
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Figure 4.10: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of combined data. The data sets were obtained following DNA amplification 
with primer SPH3 and amplification with primers SPH3 and SPH7. Data was 
matched using Simple Matching. Isolates can be identified as R. leguminosarum bv 
trifolii (T), bv viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). 
Isolates were grouped according to the results of Cluster Analysis which has been
applied to the PCO plot using three levels of clustering; 70-75 % (---- ), 75-80 %
(---- ) and 80-100 % (---- ).
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Figure 4.11: Principal Coordinate plot of ordinates 1 and 2 produced following 
analysis of combined data. The data sets were obtained following DNA amplification 
with primer SPH1, primer SPH3 and primers SPH3 and SPH7. Data was matched 
using Simple Matching. Isolates can be identified as R. leguminosarum bv trifolii (T), 
bv viciae (V), bv phaseoli (P), R. meliloti (M) and Bradyrhizobium (B). Isolates were 
grouped according to the results of Cluster Analysis which has been applied to the
PCO plot using three levels of clustering; 70-75 % (---- ), 75-80 % (---- ) and 80-100
% ( )•
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An Assessment of the Specificity of Potential Species-Specific,
RAPD-Derived Probes.
Material from this chapter has been included in the paper:
DOOLEY J.J. & HARRISON S.P. A Direct Method to Construct DNA Probes From 
RAPD Profiles. Submitted to FEMS Letters.
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Abstract
Results of hybridising RAPD-derived probes back to RAPD profiles, fixed to 
nylon membranes, revealed that probes V1D and TIE, which were derived from bands 
found to be common to isolates of R. leguminosarum biovars viciae and trifolii 
respectively, are highly related. This observation suggests that the bands may be from 
identical parts of their respective genomes. However, a size difference of 40 bp does 
exist between the probes. This would indicate that there is some detectable variation 
between the two biovars. These probes do, however, display species-specificity in that 
they fail to hybridise with isolates not of the species R. leguminosarum. However, they 
also fail to hybridise with isolates of R. leguminosarum bv phaseoli which suggests 
that R. leguminosarum bv phaseoli may not be as related to the other biovars (trifolii 
and viciae), of the species R. leguminosarum, as these biovars are to each other. The 
three R. meliloti-denvzd probes examined show varying degrees of cross-reactivity 
with strains from R. leguminosarum bv phaseoli but reveal no cross-hybridisation to 
the remaining R. leguminosarum isolates. One of these probes, M1B, reveals quite 
high levels of cross-hybridisation, which indicates a high degree of similarity between 
isolates from R. meliloti and R. leguminosarum bv phaseoli. This again indicates a 
weaker relationship between R. leguminosarum bv phaseoli and the other biovars of 
the species R. leguminosarum.
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Introduction
DNA hybridisation has been used for the identification of bacterial species, 
including Rhizobium and Bradyrhizobium, and is described more fully in Chapter 1. 
Total genomic DNA probes have been used to identify R. loti and Bradyrhizobium 
(Cooper et al., 1987) and R. leguminosarum bv trifolii (Hodgson and Roberts, 1983). 
Reports have been made of the use of specific DNA probes for studies on the three 
biovars of R. leguminosarum. Demezas et al., (1991) found that RFLP analysis, 
obtained using chromosomal probes, grouped strains into clusters which reflected 
results obtained from isoenzyme analysis. They also found that Sym plasmid probes 
where not as useful for classification. Schofield et al., (1987) employed both Sym and 
chromosomal probes to study a population of R. leguminosarum bv trifolii isolates. 
Their results indicated that there was evidence for genetic exchange of Sym plasmids 
between strains. This was in contrast to observations made by Engvild et al., (1990) 
who found limited genetic exchange, under natural conditions, among isolates of R  
leguminosarum bv viciae. Laguerre et al., (1992b) used two chromosomal probes and 
a Sym plasmid (nod gene) probe to study R. leguminosarum bv viciae isolates. They 
also found predominant plasmid hybridisation patterns within certain groups and a 
linkage between plasmid and chromosomal DNA hybridisation patterns, which 
suggested limited genetic exchange between strains. However, variations to these 
groups does suggest genetic exchange occurs. Specific probes have also been 
employed to study other species. Bjourson and Cooper, (1988) used subtraction- 
hybridisation to develop R. loti strain-specific probes, while Wheatcroft and Watson, 
(1987, 1988b) and Minamisawa et al., (1992) used IS and RS as probes to study R. 
meliloti and B. japonicum respectively. Specific DNA probes were also employed by 
Streit et al., (1993) who used subtraction-hybridisation and DNA amplification 
techniques to develop a probe capable of detecting R. leguminosarum bv phaseoli and 
R. tropici strains only. By using total genomic DNA from eight subtracter species (all
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of which were of the family Rhizobiaceae) they identified sequences which were 
specific to isolates of R. leguminosarum bv phaseoli and R. tropici only.
The use of RAPDs for the generation of species-specific probes has been 
described by Dobrowolski & O'Brien (1993) who employed RAPDs to obtain probes 
for the pathogenic fungi Phytophthora cinnamomi. These researchers cloned potential 
probes into pUC18 for screening purposes. A report by Bjourson and Cooper (1992) 
reveals that by using the technique of band stabbing it is possible to produce probes 
without the need to clone the RAPD products into a plasmid. This technique 
overcomes the problems of cloning RAPD products and greatly reduces the time 
needed to screen such probes.
By using the technique of band stabbing (Bjourson and Cooper, 1992) it was 
hoped to ascertain if it was possible to generate species-specific probes from a series of 
bands common to the majority of isolates of R. leguminosarum biovars trifolii and 
viciae and R. meliloti which have been discussed earlier (Chapter 3). It was also hoped 
to determine if band stabbing could be used to generate non-isotopic DNA probes by 
labelling the DNA with digoxigenin.
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Materials and Methods
Potential species-specific probes employed in this study were isolated from 
RAPD profiles produced using primer SPH1. These profiles have been described 
previously (Chapter 3; Dooley et al., 1993). The bands of interest were isolated from 
their respective strains using the band-stab technique, as described in Chapter 2. The 
RAPD fingerprints and selected bands are shown Figure 5.1 and the probes are 
detailed in Table 5.1.
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Results and Discussion
By combining the technique of band stabbing with DNA amplification we have 
found it is possible to produce digoxigenin labelled probes. This method eliminated the 
need to clone the RAPD product prior to labelling with Dig-dUTP. The incorporation 
of Dig-dUTP into the probe was confirmed by comparing the migration of probe DNA 
against its analogous parental DNA band through an agarose gel. The probe DNA, 
having the digoxigenin group on the side, runs at a slower rate than the equally sized 
non-Dig-labelled DNA band therefore a slower migration through the gel, by the 
probe, is indicative of successful labelling. The probes employed in this study are 
detailed in Table 5.1, which shows their species-specificity, derivative strain, molecular 
size and the frequency in the population, which has been calculated on presence of the 
derivative band within each species.
The results obtained when RAPD profiles were probed with the RAPD derived 
probes are shown in Figures 5.2 to 5.5. From a general observation of the results it 
was noted that all the probes appear to be fairly species-specific with low, if any, cross­
reactivity to the other species being observed. It should be noted that the outer lanes 
from the 1.5 % RAPD gels failed to blot to the nylon filters fully so that the presence 
of some bands (particularly R. meliloti isolate 7frw2000) are difficult to see. None of 
the probes used in this study hybridised to the isolates of the genus Bradyrhizobium. 
Cooper et al., (1987) also report finding no intergeneric hybridisation between R. loti 
and Bradyrhizobium species when total DNA probes were used.
Probe MIA:
The probe MIA shows no hybridisation with RAPD profiles of strains of R.
leguminosarum bv trifolii or R. leguminosarum bv viciae and so would appear
species-specific. However when probed onto the R. leguminosarum bv phaseoli and R.
meliloti the results in Figure 5.2 were produced. From this figure three faint bands of
sizes 820, 630 and 540 bp can be seen in R. leguminosarum bv phaseoli isolate
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i?/?3604. The 540 bp band is also present in strains Rp3601 and Rp3622 and the 630 bp 
band can be observed in isolates Rp360%, ify?3618 and Rp36l9. This 630 bp band 
displays a relatively strong signal in isolate Rp3618. The occurrence of cross-reactivity 
between these two species (R. leguminosarum bv phaseoli and R. meliloti) indicates a 
degree of common DNA is shared by isolates of both species. This suggests that the R. 
leguminosarum bv phaseoli isolates may have a common ancestry with strains from 
the species R. meliloti and that although they now nodulate beans they still maintain a 
percentage of the original genome DNA. This may be the case as previous reports have 
suggested that R. leguminosarum bv phaseoli may not be a homogeneous group, but 
may be comprised of a varied selection of phenotypically similar isolates (Chapter 3; 
Pinero et al., 1988; Dooley et al., 1993). Martinez-Romero et al., (1991) have also 
proposed a new species, R. tropici, be formed from those strains formerly known as R. 
leguminosarum bv phaseoli Type II. There is however, insufficient data on the strains 
used here to permit them to be assigned to either the species R. tropici or R. 
leguminosarum bv phaseoli. It is, therefore, not possible to determine which of these 
species may have closer links with R. meliloti.
When MIA is hybridised back to the RAPD profiles obtained from R. meliloti
isolates two, possibly polymorphic bands of size 720 bp and 650 bp (the size of the
MIA) are seen. These bands appear as doublets in isolates Rm2000, Rm2003,
Rm2005, and Rm200S. The larger band appears alone in the isolates Rm20ll and
Rm2013 and the smaller band in Rm200l, Rm2002, Rm2006, Rm2007, Rm20\0 and
Rm20\5. Isolate Rm2003 appears to contain both alleles at equal concentration
whereas the other strains have a tendency to display a stronger signal from the smaller
650 bp band. This may suggest the smaller common band, which has been selected for
use as a probe has had an insert into it at some point. This insert results in the
appearance of the larger band of 720 bp size in some strains. From a comparison with
the Cluster Analysis performed in Chapter 3, all those strains containing the 720 bp
band appear in the larger R. meliloti cluster formed at the 80-100% level of similarity.
This result appears to support the earlier findings that the R. meliloti species may
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comprise two sub-groups. The 720 bp band may therefore be of use as a marker for 
differentiating amongst strains from both sub-groups.
Probe M1B:
Following hybridisation of Probe M1B back to RAPD profiles, the patterns 
shown in Figure 5.3 were obtained. No hybridisation with R. leguminosarum bv trifolii 
or R. leguminosarum bv viciae was observed with this probe. From Figure 5.3 it can 
be seen that a band of size 540 bp is present in R. leguminosarum bv phaseoli isolates 
7^3603, 7?p3604, Rp3606, Rp3607, 7^3609, 7^3613, 7^3614, Rp36\5, Rp36l7, 
Rp3620, Rp3622, and Rp3624. This band displays a strong signal in isolates Rp36Q3, 
Rp36Q4, Rp3606, Rp3607, Rp3609, Rp3617, Rp3620, and Rp3622. This 540 bp band 
is also the same size as the smallest band seen in strains of R. leguminosarum bv 
phaseoli when probed with Ml A. A strong signal was seen in a larger band of size 630 
bp in isolate Rp36\% and a weaker signal from a band of this size in isolates 7fy?3608 
and Rp36\9. The size and presence of the 630 bp band is identical to that observed 
when filters were hybridised with MIA. This indicates a certain degree of homology 
exists between the two regions of DNA forming MIA and M1B. These results again 
imply some DNA homology exists between strains from R. meliloti and R. 
leguminosarum bv phaseoli. However the level of hybridisation seen with M1B 
indicates a closer relationship exists than is suggested by results from probing with 
MIA. This cross-hybridisation between the species implies that M1B may not be of use 
as a species-specific marker.
R. meliloti M1B, when back-probed to R. meliloti reveals the presence of 
between one and three major bands, of size 720 bp, 650 bp and 595 bp, in the isolates. 
The smallest band being of equivalent size to M1B. The most common of these bands 
is the smallest (595 bp). This band is visible in fourteen isolates (it being unobservable 
in Rm2004 and absent from 7frw2015). It is also assumed that the band is present in 
isolate Rm20Q0 (although not visible in Figure 5.3) as the probe was originally derived
from this strain, thus making it present in fifteen of the seventeen isolates of R.
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meliloti. The next smallest band (650 bp) is present in nine of the isolates,
7frw2003, RmlOOS, 7frw2006, RmlOOl, 7?m2008, 7frw2010, 7frw2013, Rm2Q\6. This size 
band is equivalent to that forming MIA which supports the suggestion that a degree of 
DNA homology exists between these probes.
The largest of the common bands is also present in nine isolates, RmlOQO, 
7^2003, Rm2005, Rm2007, 7^2008, 7^2010, 7^2011, 7frw2013, 7^2016. This 
band is the predominant band in isolate Rm2003.
Four other bands appear in various strains of R. meliloti. Two isolates, 
7^2005 and 7?/w2008, display the presence of a band of similar size to that of probe 
MIC (400 bp). Isolate Rm2Q02 displays the presence of a very small band of size 270 
bp which is not seen in any other isolate of this species. The small size and rarity of this 
band may indicate that it was derived from the larger, common 595 bp band which has 
lost a 325 bp segment of DNA. This new 270 bp band is now presumably carried as an 
extraneous piece of DNA by the isolate 7frw2002 only. The final two bands are of size 
685 bp and 450 bp. These can be observed in strains Rm20\S and Rm2Q\6 
respectively.
This banding pattern indicates that M1B is common to most R. meliloti strains 
and some strains of R. leguminosarum bv phaseoli. The results also suggest that M1B 
shares some homologous DNA with MIA.
Probe MIC:
This probe, like the other two R. meliloti probes, MIA and M1B, showed no
hybridisation with either R. leguminosarum bv trifolii or R. leguminosarum bv viciae
isolates. The results of hybridising MIC to the R. leguminosarum bv phaseoli and R.
meliloti RAPD profiles are shown in Figure 5.4. Hybridisation with R. leguminosarum
bv phaseoli revealed a single band of size 630 bp in isolate 7fy?3618 only. When R.
meliloti filters are probed a band of size 400 bp, which is equivalent to MIC, can be
observed in eleven of the isolates. Isolate Rm20\5 does not contain this band,
however, it does reveal the presence of a larger band of size 685 bp instead which may
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be the result of the insertion of a 285 bp piece of DNA into the 400 bp band. Isolates 
Rm2000, Rm2003, Rm2005, Rm200S, Rm20ll and Rm20\3 also display the presence 
of a larger band of 720 bp. This sized band is also observed when hybridisations with 
both MIA and MlB are made. Its appearance with all three probes suggests that MIA 
and M1B share some DNA homology with one part of this band whilst MIC is 
homologous with a different part. This is supported by MIA and M1B sharing other 
homologous bands, while showing little or no homology with MIC. There is no 
evidence of a signal from the MIA and M1B sized DNA bands. This, again, indicates 
that there is no homology between MIC and MIA and M1B.
Probes V1D and TIE :
When probes V1D and TIE were hybridised back to RAPD profiles the results
shown in Figure 5.5 were obtained. Both these probes, although varying in size by
about 40 bp (530 bp [V1D] and 490 bp [TIE]), hybridise in an identical manner thus
strongly supporting the suspicions, based on RAPD profile observations, that they are
from identical parts of the genome from the two respective biovars. This supports
earlier findings (Chapter 3, Dooley et al., 1993) that it is not possible to differentiate
between isolates from these two biovars using RAPD profile analysis. No hybridisation
was observed with the species R. meliloti or with the R. leguminosarum bv phaseoli
isolates. The lack of hybridisation, from either probe, to the R. leguminosarum bv
phaseoli strains lends further support to the theory that this biovar may not be as
closely related to the biovars trifolii and viciae as they are to each other. Similar
reports have been made previously (Chapter 3; Segovia et al., 1991; Dooley et al.,
1993). From Figure 5.5 it can be seen that bands of 530 bp and 490 bp are revealed in
the majority of the isolates of R. leguminosarum bv viciae and R. leguminosarum bv
trifolii respectively. These are identical in size to DNA used to produce the probes
V1D (530 bp) and TIE (490 bp). This piece of DNA is present in all isolates (except
R. leguminosarum bv viciae i?vl015 and 7?vl018 and R. leguminosarum bv trifolii
Rt3, Rt35, RtlD5 and RtRl.3) from these two biovars. The signal intensity from the
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strains varies greatly and may be the result of a varying copy number of the DNA band 
in each isolate, which suggests a plasmid borne piece of DNA.
Conclusions:
Based on RAPD probing the following general observations can be drawn, (i)
The two probes MIA and M1B appear to share a portion of homologous DNA which
they do not share with MIC. (ii) The two R. leguminosarum probes, V1D and TIE,
appear to be identical except for a small (40 bp) size difference, (iii) These two probes
also appear to be highly species-specific with no cross-hybridisation with non R.
leguminosarum strains. They also do not hybridise with the isolates from R.
leguminosarum bv phaseoli which tends to infer that this biovar is not as closely
related to the other two biovars as they are to each other. Reports to this effect have
been made previously (Chapter 3; Segovia eta l., 1991; Dooley et al., 1993). (iv) None
of the R. meliloti probes display cross-hybridisation to isolates of R. leguminosarum
biovars trifolii and viciae although they do show a limited amount of cross-reactivity
with a few strains of R. leguminosarum bv phaseoli This again supports the suggestion
that R. leguminosarum bv phaseoli may not be as closely related to R. leguminosarum
biovars trifolii and viciae as they are to each other. Cross-reactivity such as this also
indicates a degree of homology between strains of these two species. This may be
possible as there have been reports of DNA exchange between isolates of these two
species (Djordjevic et al., 1983; Broughton et al., 1987). (v) The observation that not
all the strains of R. leguminosarum bv phaseoli hybridise with the R. meliloti-denved
probes tends to indicate that this group is not homogenous in its make up. This has
been suggested by others (Chapter 3; Pinero et al., 1988; Dooley et al., 1993) (vi)
M1B displays the greatest amount of cross-reactivity with isolates of R.
leguminosarum bv phaseoli which indicates that this probe may be of little use as a
species-specific probe, (vii) The overall levels of species-specific hybridisation
displayed by the probes in this study appears to be high. This may not be the case,
however, as the RAPD profile is a construct comprising a small, select part of the
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bacterial genome thus identical genes from a second species may not be amplified 
owing to small differences in the primer binding sites.
As probing investigations have so far concentrated on analysis of Southern 
blots of amplified DNA, which may not be a total representation of a strains genomic 
DNA content, it would be interesting to examine total bacterial genomic DNA using 





Table 5.1: This shows details of the species-specific probes used in this study. Specific 
species, derivative strains, probe sizes and relative frequency of the RAPD band within 
each species are shown.
Probe Species Derivative
strain
Size (bp) Frequency in 
population1
MIA R. meliloti 2000 650 71 %
M1B R. meliloti 2000 600 59%
MIC R. meliloti 2000 400 77%
V1D R. leg. bv viciae 1001 530 83%
TIE R. leg. bv trifolii JJD4 490 78%
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Figure 5.1: RAPD fingerprints of the three strains used for the isolation of species- 
specific probes are shown. The common bands selected for constructing the probes, 
M IA (A), M1B (B), MIC (C), V1D (D) and TIE (E) are arrowed. Marker sizes 
(Marker VI, B. Mannheim) (bp) are shown.
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Figure 5.2: Results of hybridising RAPD profiles from isolates of R. leguminosarum 
bv phaseoli (A) and R. meliloti (B) with probe MIA. Strains were loaded in order, as
shown in Table 2.1 (page 46). Size markers (Marker VI, B. Mannheim) are in bp.
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Figure 5.3: Results of hybridising RAPD profiles from isolates of R. leguminosarum 
bv phaseoli (A) and R. meliloti (B) with probe M1B Strains were loaded in order, as
shown in Table 2.1 (page 46). Size markers (Marker VI, B. Mannheim) are in bp.
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Figure 5.4: Results of hybridising RAPD profiles from isolates of R. leguminosarum 
bv phaseoli (A) and R. meliloti (B) with probe MIC. Strains were loaded in order, as 




Figure 5.5: Results of hybridising RAPD profiles from isolates of R. leguminosarum 
bv viciae (A) and R. leguminosarum bv trifolii (B) with either of the probes V1D or 
TIE. Both probes reacted in a similar manner although isolated from different biovars. 
Strains were loaded in order, as shown in Table 2.1 (page 46). Size markers (Marker 
VI, B. Mannheim) are in bp.
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Further Assessment of the Specificity of RAPD-Derived Probes
bX
Hybridisation to Colony Blots of Rhizobium Isolates.
Material from this Chapter has been included in the paper:
DOOLEY J.J., HARRISON S.P., MYTTON L.R., DYE M., CRESSWELL A., SK0T 
L. & BEECHING J.R. The Use of Colony Blots to Rapidly Assess the Value of 




The potential species-specific probes MIA, M1B, MIC, V1D and TIE, which 
have been assessed previously by hybridisation to Southern blots of RAPD profiles, 
were hybridised against total genomic DNA, from the species Rhizobium 
leguminosarum, R. meliloti and Bradyrhizobium, by the use of colony blotting. The R. 
meliloti probe, M1B, although displaying cross-reactivity with the RAPD blots of R  
leguminosarum bv phaseoli, was screened in order to assess its distribution within the 
Rhizobium and Bradyrhizobium species in general. The results observed indicate that 
only one species-specific probe, MIC, showed potential for use in this area and then 
only in a limited capacity.
Colony blots were also used to assess the value of a series of potentially strain- 
specific probes which had been isolated from agarose containing RAPD amplifications 
of Rhizobium DNA. These probes had been selected on the basis of their appearance in 
only one isolate from the 84 isolates employed in this study. Following colony 
hybridisation only one strain-specific probe, T37-3, showed a high potential for this 
type of use although results obtained from analysis of T37-2 indicate that this probe 
maybe useful in certain situations. Analysis of four additional strain-specific probes 
(Tl-2, Tl-3, VI-1 and T37-1) indicated they although they were of no use as strain- 
specific probes they were potentially of use as species-specific probes.
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Introduction
The use of colony blotting as a method to assess the value of DNA probes has 
been reported by Manulis, (1992) who evaluated a DNA probe, for the detection of 
Erwinia herbicola, by comparing colony blot results with enzyme-linked 
immunosorbent assay (ELISA) and pathogenicity test results. Manulis found that 
colony hybridisation was specific for gall forming pathogens and sensitive enough to 
detect 100 colony forming units (CFUs) after enrichment. Daire et al., (1992) used 
colony blotting to screen a cloned DNA library for the presence of an insert from a 
non-cultivable mycoplasma-like organism (MLO). They then used the clones as probes 
for detecting MLO in field samples of grapevine. Colony blotting has also been 
employed for the identification of Rhizobium species. Hodgson and Roberts, (1983) 
used colony hybridisation to identify R. leguminosarum bv trifolii isolates obtained 
from nodules of subterranean clover. They used total genomic DNA from individual 
strains as probes to determine nodule occupancy. A similar method was employed by 
Cooper et al., (1987) to determine if nodules from Lotuspedunculatus were occupied 
by R. loti or Bradyrhizobium species. They found that total genomic probes were not 
strain-specific, revealing varying degrees of cross-hybridisation with isolates of the 
same genus. However, they also noted that there was no cross-reactivity between the 
two genera, Rhizobium and Bradyrhizobium. Fredrickson et al. (1988) also used this 
technique, in conjunction with several others, for the enumeration of Rhizobium and 
Pseudomonas populations in soil. However, this group used Tn5 as a probe to detect 
the isolates. All these methods have employed radioactive labelled DNA probes. The 
use of non-isotopic DNA probes with colony blotting has been reported by Lonvaud- 
Funel et al., (1991) who employed Dig-labelled total genomic DNA probes to study 
the evolution of lactic acid bacterial species in grape musts and wines. The use of Dig- 
labelled, RAPD-derived, species-specific probes to screen RAPD profiles is described 
in Chapter 5. The present study hopes to confirm the specificity of these species-
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specific probes and to assess the value of a series of RAPD products, observed in 




Potential Rhizobium strain-specific probes were identified by a close 
examination of RAPD fingerprints produced using the primers SPH1 (Chapter 3) and 
SPH3 and 7 (Chapter 4). No strain-specific bands were observed with the primer 
SPH3 alone. Bands appearing in only one isolate from each species or biovar were 
selected for screening to ascertain their use as strain-specific probes. This method was 
performed prior to the publication of the technique of combined subtraction- 
hybridisation and DNA amplification for strain-specific DNA isolation (Bjourson and 
Cooper, 1992).
Bands of interest were extracted from 1.5% agarose gels and Dig-labelled 
using the band-stab technique described in Chapter 2. These probes are described in 
Table 6.1.
Colony blotting:
Fixation o f DNA to nylon membranes:
Discs (85 mm diameter) of Zeta-probe GT, nylon membrane (Biorad) were cut
from the sheet and sandwiched between two sheets of filter paper (Whatman 3MM)
prior to sterilisation by autoclaving. The discs were laid, avoiding air bubbles, onto TY
agar plates before the Rhizobium and Bradyrhizobium strains were plated out by
picking small inocula from an overnight culture grown on TY agar plates and placing
them in a grid pattern on the Zeta-probe (Figures 6.1a and 6.1b). When probing with
species-specific probes all 84 isolates were employed. These isolates were laid out on
the Zeta-probe in a grid pattern as shown in Figure 6. la. Each species was placed onto
a separate filter. When strain-specific probes were screened by colony blotting only
those strains from which probe DNA was isolated were used. The layout of these
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strains is shown in Figure 6.1b. The plates were incubated at 27° C until colonies were 
2-5 mm diameter before cells were lysed and DNA fixed to the filters using the 
following procedure. The membranes were placed, colony side up, onto filter paper 
soaked in 10% w/v SDS for 5 min. They were transferred to filters soaked in lysis 
solution (1.5 M NaCl, 0.5 M NaOH) for 5 min before being transferred to neutralising 
solution (1.5 MNaCl, 0.5 M Tris-Cl, pH 8.0) for 5 min. Finally, the membranes were 
transferred to filters soaked in 2x SSC for 2x 5 min, then dried for 30 min on 3 MM 
filter paper. DNA was fixed to the membranes by baking at 80° C for 2 hrs.
Hybridisation:
Filters were hybridised with the various probes as described in chapter 2, but a 
greater level of stringency was used in the final washes (50° C and O.lx SSC). Those 
probes displaying a high level of strain specificity were further screened against a larger 




The results obtained from probing colony blots with the various species- 
specific probes are shown in Figures 6.2 to 6.5. The filters carry DNA from the species 
R. leguminosarum bv viciae (V), R. leguminosarum bv trifolii (T), R. leguminosarum 
bv phaseoli (P), R. meliloti (M), Bradyrhizobium (B) and non-Rhizobium (nR) 
respectively. There are also three control strains at the bottom of each filter comprising 
R. leguminosarum bv trifolii isolate i?/JJD4 (A), R. leguminosarum bv viciae isolate 
7?vl001 (B) and R. meliloti isolate Rm2000 (C). The probes TIE, V1D and MIA, 
M1B and MIC were produced by Dig-labelling the common bands found in RAPD 
profiles from these three strains. The control sample D is eukaryotic DNA (herring 
sperm DNA). In all hybridisations no positive result was obtained with the herring 
sperm DNA.
Probe MIA :
Figure 6.2 shows the results of probing with MIA which was isolated from R.
meliloti, strain RmlOOO. From an examination of the results it can be seen that this
probe appears to be fairly species-specific displaying little cross-hybridisation with non
R. meliloti isolates, whilst maintaining a high level of hybridisation with isolates of the
species R. meliloti. There is, however, a strong hybridisation to four of the
Bradyrhizobium isolates suggesting a degree of conservation exists between these two
unrelated species. This is in contrast to the results of back-probing to RAPD
fingerprints (Chapter 5) where none of the species-specific probes hybridised to any
isolates of the genus Bradyrhizobium. When colony blot and RAPD profile analysis
(Chapter 3, Dooley et al., 1993) results are compared it can be seen that four of the
five Bradyrhizobium isolates linking to the R. meliloti cluster at the 75-80 % level of
similarity are the same as those now hybridising to the R. meliloti species-specific
probe. This observation, therefore, lends support to the earlier RAPD findings
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(Chapter 3, Dooley et al., 1993) which indicate a degree of homology exists between 
one of the sub-groups forming the species Bradyrhizobium and the species R. meliloti. 
The four strains showing positive results with the MIA are not of the recognised 
species B. japonicum. Three of the strains were isolated from lupins and one from a 
Cicer species. The geographic origins of the strains are also quite diverse, one strain 
having been isolated from the U.S.A, one from the U.K. and one from New Zealand. 
The remaining strain is of unknown origin. Reports that the species Bradyrhizobium 
may be an aggregation of two or more strain types have been made by several groups, 
Stanley et al., (1985) and Kuykendall et al., (1988). A report by Sadowsky et al., 
(1987a) suggests that R. fredii (now reclassified as Sinorhizobium fredii [Chen et al., 
1988]) may represent an evolutionary link between Bradyrhizobium and R. meliloti. It 
may be that the four strains classified here as Bradyrhizobium are in fact isolates of the 
genus, S. fredii. This would explain the observations seen here but without further 
details about the strains in question it is not possible to confirm this.
MIA displays no hybridisation with the non -Rhizobium (TG1-TG14) isolates 
and low levels of hybridisation with some R. leguminosarum isolates (as compared to 
the signal from the control strain). Only one isolate of R. leguminosarum bv trifolii 
(ifrJJD4), two strains of R. leguminosarum bv viciae (/?vl004 and i?vl021) and one R. 
leguminosarum bv phaseoli isolate (Rp36\3) show any sign of hybridisation with this 
probe, which suggests a degree of DNA conservation exists between these two 
species. This is in contrast with results of Southern blots of RAPD profiles where R. 
leguminosarum bv phaseoli isolates 7fy?3604, Rp3601, ify?3608, Rp36\9 and Rp3622 
hybridised weakly to Ml A. This variation in hybridisation patterns could be accounted 
for in the stringency wash temperatures, which are considerably higher with the colony 
blots. Any weakly binding probes observed on the RAPD blots would be removed in 
this case. Results where strains display hybridisation signals on the colony blots but not 
on the RAPD blots indicate that part of the genome, which is homologous to the 
probe, is not being amplified by the primer SPH1 in these strains. This highlights the
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obvious differences between those strains which possess or lack the SPH1 primer 
binding site.
Probe M1B:
Results of probing colony blots with M1B are shown in Figure 6.3. This probe 
hybridises strongly with all isolates from both the genera, Rhizobium and 
Bradyrhizobium, and also displays a strong signal with five of the ten non-Rhizobium 
isolates used in this study. This strong hybridisation to everything, except the herring 
sperm DNA, intimates that the 595 bp band amplified during the RAPD reaction is 
from a part of the genome found in the majority of soil-borne bacteria. When M1B was 
hybridised to RAPD profiles (Chapter 5) no annealment with strains from the species 
Bradyrhizobium or R. leguminosarum biovars viciae and trifolii was observed. 
However, the high number of R. leguminosarum bv phaseoli strains which did 
hybridise to this probe insinuated that the probe may not be totally species-specific. 
The results from colony blotting, which reveal the probe to hybridise to nearly all the 
Rhizobium and Bradyrhizobium strains, support this conclusion. Hybridisation, by this 
probe, to the non Rhizobium isolates also render the probe useless as a general 
Rhizobium probe.
Probe MIC:
The results of hybridising colony blots with MIC are shown in Figure 6.4.
From an examination of Figure 6.4 it can be seen that the R. meliloti strains hybridise
well with MIC, although a weak signal is obtained from isolates Rm.2003, Rm2006,
Rm20\5 and Rm20\l and practically no hybridisation can be observed with strain
Rm20\6. It can also be seen that the four Bradyrhizobium isolates which hybridised to
MIA also hybridise with MIC. The remaining filters reveal no or very weak
hybridisation signals (as compared to the control strains) from a few isolates only.
Those strains revealing possible homology with MIC are R. leguminosarum bv
phaseoli isolates Rp36\3, Rp36\4 and Rp36\5 and the non Rhizobium strains TG3
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and TG4. When RAPD blots were hybridised with this probe only isolate Rp36\% 
revealed any homology to the probe. This was in the form of a single 630 bp band 
which was, however, of comparable signal intensity to those observed in the R. meliloti 
strains. These results are therefore similar to findings made when RAPD profiles were 
hybridised with this probe, in that only R. leguminosarum bv phaseoli isolates indicate 
any homology to this probe. This may be due to the mixed strain types reported to 
compose R. leguminosarum bv phaseoli (Chapter 3; Pinero et al., 1988; Dooley et al., 
1993). It may also be that these three strains are of the recently proposed species, R. 
tropici (Martinez-Romero et al., 1991). However, the colony blot results tend to 
suggest that MIC is not as species-specific as was inferred from results of RAPD 
blots. This probe is therefore probably of little use for the identification of R. meliloti 
strains soil samples containing a diverse population of bacterial strains. It may, 
however, be of use in studies in a controlled environment where only a limited number 
of bacterial strains are under investigation.
Probes V1D and TIE:
The probes VID and TIE hybridise in an identical manner on the colony blots 
and so have been dealt with together. The high degree of similarity between these two 
probes, as observed from both RAPD profiles and colony blots, strongly indicates that, 
although varying in size by 40 bp, they are from identical parts of the respective 
genomes. The identical hybridisation patterns observed with both probes on colony 
blots reiterates conclusions made from the RAPD profile analysis (Chapter 3) that 
these two biovars are closely related. However, the evidence of a slight size difference 
between the probes does indicate that variations exist between the two biovars.
The results of probing colony blots with either probe are shown in Figure 6.5.
As can be seen from Figure 6.5, all the isolates of R. leguminosarum biovars trifolii
and viciae hybridise with the probes. This, again, highlights the great similarity
amongst strains of these two biovars. Results of hybridisation to R. leguminosarum bv
phaseoli strains reveals that twelve of the isolates (Rp36§3, Rp36Q4, Rp3605, Rp3607,
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7^3608, Rp36Q9, Rp36ll, Rp36l3, Rp36\7, Rp3620, 7?p3624 and Rp3626) hybridise 
to the probes to some degree. This result, which is contrary to that from RAPD blots, 
where no hybridisation to R. leguminosarum bv phaseoli isolates occurred, indicates 
the existence of some DNA homology between the strains of these three biovars. Such 
an observation would be expected between biovars of the same species, however, the 
extent of hybridisation suggests that the isolates comprising R. leguminosarum bv 
phaseoli are not as closely related to the other biovars {trifolii and viciae) as these 
biovars are to each other. This is similar to previous reports to this effect (Chapters 3 
and 4; Segovia et al., 1991; Dooley et al., 1993). Hybridisation with isolate Rp36\3, 
which also hybridised to MIC, suggests that isolate may be an evolutionary link 
between the two species R  leguminosarum and R. meliloti.
Results obtained from hybridising the R. meliloti filter with these two probes 
reveals that at least one strain (isolate Rm20QS) shares a degree of DNA with the 
species R. leguminosarum. It is possible that this shared DNA was passed by genetic 
exchange which has been reported to occur between strains of these species. 
Djordjevic et al., (1983) have reported that plasmid exchange can be induced between 
isolates of R. meliloti and R. leguminosarum under laboratory conditions. The 
exchange of genetic material in the rhizosphere of the recipient strains host plant has 
been recorded by Broughton et a l, (1987). There have not, however, been reports of 
exchange between the species R. leguminosarum and the genus Bradyrhizobium which 
could account for the positive result observed when the Bradyrhizobium isolates 
Br320S, Br32\2, Br32\3, Br34\3 and 2?r3828 were probed with V1D and TIE. These 
five strains are from diverse geographic origins including Brazil, England, USA and 
New Zealand and only isolate Br34\3 is of the recognised species B. japonicum. It 
may be that the four strains (Br32Q5, Br32\2, Br32\3 and Br3%2%) are from the 
species S. fredii (Chen et al., 1988) which has been suggested as a link between 
Bradyrhizobium and R. meliloti (Sadowsky et a l, 1987a). The results presented here 
may indicate an evolutionary link between R. leguminosarum and Bradyrhizobium or 
the new genus Sinorhizobium.
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The two probes, V1D and TIE, also hybridise with two non Rhizobium strains, 
TG4 and TG6, which suggests that these strains share some homology with the species 
R. leguminosarum. This final piece of evidence reveals that these two probes are not as 
species-specific as previous results have implied.
Overall observations from the results of hybridisation of probes MIA, M1B, 
MIC, V1D and TIE to colony blots of the 84 Rhizobium and Bradyrhizobium strains 
and the ten non-Rhizobium isolates used here indicate that (i) back-probing to RAPD 
profiles can produce a distorted view of the DNA homology which exists amongst 
strains of diverse species. This is due to the nature of the RAPD reaction which only 
considers select parts of the whole genome. Those isolates which do not contain the 
primer sites will, therefore, not be considered in RAPD reactions or in any subsequent 
analysis even though they may carry the intact gene, (ii) The R. meliloti probe, MIA, 
appears to hybridise strongly with all the R. meliloti isolates which denotes a strong 
homology amongst the strains of this species even though findings by others (Young et 
al., 1985; Eardly et al., 1990; Dooley et al., 1993) have indicated that this species may 
comprise two sub-groups. The evidence here, therefore, implies that even if two sub­
groups exist within R. meliloti a certain amount of DNA is shared between them, (iii) 
The evidence that cross-reactivity between strains of the species R. leguminosarum 
and R. meliloti occurs implies a degree of homology exists between these two 
Rhizobium species. Evidence of plasmid transfer between isolates of both species has 
been reported previously (Djordjevic et al., 1983; Broughton et al., 1987). This could 
account for the observations made here, (iv) Evidence obtained from RAPD profile 
analysis (Chapter 3) and RAPD blotting (Chapter 5) that a link between 
Bradyrhizobium and R. meliloti exists is further confirmed by results obtained from 
colony blotting, (v) The colony blotting results described here also indicate a possible 
evolutionary link between the species R. leguminosarum and the genus 
Bradyrhizobium. (vi) The highly similar hybridisation patterns observed with probes 
TIE and V1D further supports the belief that they are from highly conserved areas of
the genome found in their respective biovars, R. leguminosarum biovars trifolii and
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viciae. (vii) However, the results from colony blotting counteract the previously made 
suggestion (based on RAPD blots) that the probes V1D and TIE may be of use for 
species-specific studies, (viii) Finally, results described here point to the use of MIC 
for species-specific work in a controlled environment as it displays a limited amount of 
cross-reactivity to other species.
Strain-specific probes:
From a close examination of the RAPD profiles obtained using the various 
primers (Chapters 3 and 4) a selection of potential strain-specific probes were isolated 
and Dig-labelled using the band-stab method of Bjourson and Cooper (1992). These 
bands and their respective derivative strains are shown in Table 6.1. No strain-specific 
probes were identified from SPH3 primed RAPD reactions.
In order to identify strain-specific probes it is desirable to employ stringency 
wash conditions which result in few isolates displaying positive signals following 
hybridisation with the probe. To achieve this, very stringent conditions (50° C, O.lx 
SSC) for the post-hybridisation washes were found to be optimal as this reduced the 
number of fainter signals observed when lower stringency washes were employed. The 
results obtained following washing at this high level of stringency are shown in Figures 
6.6 to 6.8.
Probes derived from SPH1 primed RAPD reactions:
Figure 6.6 shows the results obtained when a series of probes derived from
RAPDs produced with primer SPH1 were screened. The filters A-D have been probed
with the potential R  leguminosarum bv trifolii strain-specific probes Tl-1, Tl-2, Tl-3
and Tl-4 respectively. An overall examination of the filters reveals a variation in
hybridisation patterns between these probes. However, in general, none of them show
great potential as strain-specific probes. It was also noted that none of the probes T l-
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1, Tl-2, Tl-3 or Tl-4 reveal evidence of homology with isolates of the species R. 
meliloti.
Probe Tl-1 hybridises strongly with isolates .KvlOOl, Rv1023 and Rp36QA but
slightly less well to isolates Rp3603, Rp3608, TGI and TG3. It, however, fails to
display such levels of hybridisation with its own derivative strain, RtJJD4. This may be
the result of a poor fixing of DNA, from the strain 7frJJD4, to the filter. This
observation may also be the result of small genomic variations between these isolates
which has resulted in only isolate ifrJJD4 displaying the presence of the Tl-1 sized
band. The high number of strains showing positive hybridisation results with this
probe, whilst failing to reveal its presence after DNA amplification, suggests that
isolate RtJJD4 contains a mutation which has resulted in the formation of a primer site.
The low level of strain-specificity observed during hybridisation tests with this probe
mean it is of little use for studies of Rhizobium. Probe Tl-2 hybridises well with
.RAVPBS3 (its derivative strain) but also shows good hybridisation to three other R.
leguminosarum bv trifolii isolates (ifrJJD4, ifrJJD15 and 7frl62S7A). This probe also
hybridised to three isolates of R. leguminosarum bv viciae (i?vl001, i?vl007 and
Rv1023) and two strains of R. leguminosarum bv phaseoli (Rp36§4 and Rp360%). The
inconsistency in probing patterns observed with this probe render it of no use as a
strain-specific probe although it may be of use as a species-specific probe. Probe Tl-3
displays a good level of hybridisation with its derivative strain, i?AVPBS3, but reveals a
stronger hybridisation signal with strain ifrl62S7A. This again may be the result of a
problem with DNA fixation to the filter or has been caused by an altered primer
binding site. From the results of RAPD analysis (Chapter 3) it was found that these
two isolates fall within the same region of the PCO plot (Figure 3.2) and are grouped
together at the 75-80% level of similarity. Tl-3 also hybridises with isolates .K/JJD15,
.RvlOOl, 7M023, ify?3604 and Rp360%, all of which are strains of the species R.
leguminosarum. This indicates that a degree of DNA homology exists between certain
strains of the three biovars of R. leguminosarum and implies that the Tl-3 could be
useful for species-specific identification. The final probe from this series, Tl-4,
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hybridises well with strains ifrl62S7A (its derivative) and 7?vl023. There is also 
evidence of hybridisation with strains ifrJJD15, .RvlOOl, ify?3603, ify?3604 and the non- 
Rhizobium strain TG3. Hybridisation with the non-Rhizobium strain implies that this 
probe is of no use as either a strain-specific or a species-specific probe. It may, 
however, indicate that the unclassified strain TG3 shares a degree of homologous 
DNA with the species R. leguminosarum.
Figure 6.7 shows the results of colony blotting with potential strain-specific 
probes of the species R. leguminosarum bv viciae (VI-1 and V I-2) and R. meliloti 
(Ml-1). The filters A and B have been probed with the R. leguminosarum bv viciae 
probes, V I-1 and V I-2, respectively. Filter C has been hybridised with the R. meliloti 
probe, Ml-1.
The probe VI-1 appears to be of no use as either a species-specific or strain- 
specific probe as it hybridises well with all isolates except 7frJJD4, ifrWPBS3, ifr46rif, 
i?vl014 and TG10. Isolates to which the probe hybridises include those from the 
species R. meliloti (Rm2000, Rm200l and Rm2004) and the non -Rhizobium strains 
(TGI and TG3). Probe Vl-1 appears, from the results of colony blotting, to be from a 
gene which is found in the majority of soil-borne bacteria. However, variations in 
genomic sequence have meant that it is only apparent in certain strains following DNA 
amplification with primer SPH1. Probe Vl-2 also offers little hope of being useful as a 
strain-specific probe but may have a potential use as a species-specific probe. This 
probe displays strong hybridisation signals from isolates iM 023 (its derivative strain), 
ZfrJJD4, ifrJJD15, Rp7>602> and ify?3604. There are also weaker signals from the 
remaining isolates of the species R. leguminosarum except isolates ifr46rif and 
Rp36\9. No hybridisation with the R  meliloti or non-Rhizobium isolates was 
observed. These observation again support the present classification of these three 
biovars under the one species, R. leguminosarum, (Elkan, 1992). The results also 
imply that Vl-2 is from a region of the R. leguminosarum genome which has no 
homology with the species R. meliloti.
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The potential f t  meliloti strain-specific probe, Ml-1, shows a high level of 
cross-reactivity with other isolates from this species thus rendering it useless as a 
strain-specific probe. This probe also hybridises strongly with the R. leguminosarum 
bv trifolii isolate, ifal62S7A and to a lesser extent to the R. leguminosarum bv viciae 
isolate Rv\Q23. This cross-reactivity indicates a high level of conservation exists 
between these two strains (ifrl62S7A and 7M023) and the species R. meliloti. This 
could be the result of genetic exchange which has been reported to occur between 
isolates from these two species (Djordjevic et al., 1983; Broughton et al., 1987). A 
degree of DNA conservation also exists between the .ft meliloti isolates and two of the 
non -Rhizobium isolates as indicated by hybridisation of this probe to the non- 
Rhizobium isolates TGI and TG3.
Probes derived from SPH3 and SPH7 primed RAPP reactions:
Figure 6.8 shows the results of hybridisation with the potential strain-specific 
probes identified from RAPDs produced using the primers SPH3 and SPH7 in a dual 
primed reaction. The filters A to D have been hybridised with the probes T37-1, T37- 
2, T37-3 and T37-5 respectively. The probe T37-4 was not screened as it displayed a 
series of smaller, nested sub-bands when the original 2.2 Kb band was amplified.
The probe T37-1 displays a high level of hybridisation with its derivative strain, 
.R/162S7A, but also shows cross-reactivity with the strain 7?vl023. The probe also 
exhibits lower levels of cross-hybridisational activity with several other isolates 
(i?/JJD15, ft>1001, ftp3603 and ify?3604) of the species f t  leguminosarum. This cross­
hybridisation renders the probe useless for strain-specific studies, although it may still 
be of use for species-specific work as there is no evidence of hybridisation with the ft. 
meliloti isolates. The probe T37-2 hybridises strongly to its derivative strain, ft/JJD15, 
but also hybridises as efficiently to the f t  leguminosarum bv viciae isolate, ftvl023. 
This would suggest a high level of DNA conservation amongst the two strains, 
RtJJD\5 and ftv!023, which is not unexpected between isolates from two closely
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related biovars of the same species. However, this cross-reactivity again renders this 
probe of no use for strain-specific work.
Figure 6.8, filter C, shows the results of using the probe T37-3. It can be seen 
that the probe hybridises well with its derivative strain, JJD15, and shows no cross- 
hybridisational activity with any other strains from any species or biovar. Of all the 
bands screened for their potential use as strain-specific probes T37-3 appears to be the 
best. This strain and probe combination therefore indicate that it should be possible to 
use unmodified bacterial strains, and their specific probes, for studies of inoculum 
longevity and movement within natural environments. If a selection of probes could be 
identified for a single isolate it may also be possible to study genetic exchange between 
bacteria. However, work such as this would require a larger selection of probes to 
make it feasible. The method of subtraction-hybridisation and DNA amplification 
(Bjourson et al., 1992) provides a means of efficiently producing a selection of probes 
for such studies. By combining the method of Bjourson et al., (1992) with the RAPD 
reaction it should be possible to produce strain-specific probes, for a large selection of 
isolates, relatively quickly.
The final probe examined for its potential use as a strain-specific probe was 
T37-5. This probe displays a very poor hybridisation pattern at this high level of 
stringency washing. From an examination of Figure 6.8, filter D, it can be seen that the 
probe fails to display any signal from its derivative strain, 7fr46rif. This, however, may 
be due to a low amount of DNA fixing to the filter as the strain grew poorly. However, 
it can also be seen that the probe produces weak hybridisation signals from isolates 
7M023, RmlQOO, RmlQOl and Rm2§§9. The last three isolates are of the species R. 
meliloti which tends to imply a degree of homology exists between the two species. It 
also indicates that the probe will be of little use for either strain-specific or species- 
specific work. When a lower level of stringency washing was employed probe T37-5 
hybridised to a larger selection of isolates including .K/162S7A, 7frJJD15, i?vl001, 
i?vl014, Rm2004 and TGI (results not shown). This confirmed the earlier suspicions
that the probe would be of no use for hybridisation studies of Rhizobium.
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The overall conclusions that can be drawn from this study of strain-specific 
probes are that (i) it is possible to isolate strain-specific probes from RAPD profiles 
using the method of band-stab (Bjourson and Cooper, 1992) although a report by 
Bjourson et al., (1992) of the use of subtraction hybridisation and DNA amplification 
suggests that this may be an easier method to rapidly identify strain-specific probes 
from smaller numbers of bacterial strains, (ii) In order to clearly identify strain-specific 
probes from the general background it is necessary to employ a high level of wash 
stringency. The need for this high level of stringency suggests that, at lower stringency 
levels, there is a certain degree of mismatching occurring between the bacterial 
genomes and the probes under investigation. This mis-matching indicates small DNA 
variations between the strains may have given rise to the strain-specific bands used 
here as strain-specific DNA probes. It also indicates that there are detectable variations 
within the Rhizobium genome which can be utilised for strain identification, (iii) Only 
one probe, T37-3, displays a high level of strain-specificity when hybridised to a 
selection of isolates. This probe, therefore, appears to be the only strain-specific probe 
identified from the Rhizobium and Bradyrhizobium isolates used in this study, (iv) 
However, the probe T37-2 produced results which suggest that it may be of use in 
studies involving a limited number of isolates, (v) The low number of true, strain- 
specific probes observed may be as expected within a bacterial genome where there is 
little 'excess' DNA, so that although small variations do occur, much of the DNA, 
within the whole population, will be conserved, (vi) These small variations in the 
genomic sequence can lead to the formation or loss of primer binding sites which may 
in turn lead to the production of apparent strain-specific bands in some isolates, (vii) 
Several of the probes, although not strain-specific, may be of use in experiments where 
the number of Rhizobium isolates under investigation is limited, (viii) Other non strain- 
specific probes (Tl-2, Tl-3, Vl-2, T37-1) appeared of potential use as species-specific 
probes, although they were not tested further in this study, (ix) The result of some 
probes hybridising to the non -Rhizobium isolates indicates that a degree of homology 
exists between these isolates and the Rhizobium strains. This may be expected in some
instances as the non-Rhizobium isolates are also soil dwelling bacteria and would, 
therefore, presumably carry some similar genes to the Rhizobium strains, (x) The 
results described here, and those reported by Bjourson et al., (1992), indicate that it is 
possible to identify DNA fragments, within Rhizobium isolates, which can be employed 
for strain-specific studies. This offers the potential of assessing Rhizobium strain 
interactions without the need to modify the genetic makeup of the isolates, i.e. by 




Table 6.1: This shows details of the strain-specific probes used in this study. 
Associated specific strains, the respective species and probe sizes are shown.
Probe Species Associated 
specific strain
Size (bp)
Tl-1 R. leg. bv trifolii JJD4 430
Tl-2 R. leg. bv trifolii RAC2 650
Tl-3 R. leg. bv trifolii RAC2 650
Tl-4 R. leg. bv trifolii RAC15 1000
Vl-1 R. leg. bv viciae 1007 400
Vl-2 R. leg. bv viciae 1023 775
Ml-1 R. meliloti 2004 830
T37-1 R. leg. bv trifolii RAC15 450
T37-2 R. leg. bv trifolii JJD15 795
T37-3 R. leg. bv trifolii JJD15 330
T37-5 R. leg. bv trifolii RAC39 300
(a)
Figure 6.1: Isolate arrangements for probing with strain-specific probes (a) and 
species-specific probes (b). The isolates for strain-specific hybridisations were arranged 
numerically, 1-20, as follows: JJD4, RAC2, RAC15, RAC39, JJD15, (bv trifolii)', 
1007, 1014, 1023, (bv viciae)', 3608, 3619, (bv phaseoli)', 2004, 2009, (R. meliloti), 
1001, (bv viciae)', 3603, 3604, (bvphaseoli)', 2000, 2001, (R. meliloti)', TGI, TG3 & 
TG10 (Transgoed soil isolates). Isolates in (b) are arranged in numerical order as Table 
2.1, (pg 46). Isolates A-D are controls, JJD4 (A) (bv trifolii); 1001 (B) (bv viciae)', 
2000 (C) (R. meliloti), Herring Sperm DNA (D).
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Figure 6.2: Results of hybridising colony blots with the species-specific probe MIA.
Filters carry isolates from R. leguminosarum biovars trifolii (T), viciae (V), phaseoli
(P), R. meliloti (M), Bradyrhizobium (B) and Transgoed soil isolates (TG).
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Figure 6.3: Results of hybridising colony blots with the species-specific probe M1B.
Filters carry isolates from R. leguminosarum biovars trifolii (T), viciae (V), phaseoli
(P), R. meliloti (M), Bradyrhizobium (B) and Transgoed soil isolates (TG).
1 4 7
Figure 6.4 Results of hybridising colony blots with the species-specific probe MIC.
Filters carry isolates from R. leguminosarum biovars trifolii (T), viciae (V), phaseoli
(P), R. meliloti (M), Bradyrhizobium (B) and Transgoed soil isolates (TG).
1 4 8
Figure 6.5: Results of hybridising colony blots with the species-specific probes V1D
and TIE. Filters carry isolates from R. leguminosarum biovars trifolii (T), viciae (V),
phaseoli (P), R. meliloti (M), Bradyrhizobium (B) and Transgoed soil isolates (TG).
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Figure 6.6 Results of hybridising colony blots with the strain-specific probes derived 
from amplification reactions using the primer SPH1. Filters were hybridised with 
probes Tl-1 (A), T l-2 (B), Tl-3 (C) and Tl-4 (D).
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Figure 6.7: Results of hybridising colony blots with the strain-specific probes derived 
from amplification reactions using the primer SPH1. Filters were hybridised with 
probes Vl-1 (A), V l-2 (B) and Ml-1 (C).
Figure 6.8: Results of hybridising colony blots with the strain-specific probes derived 
from dual primed amplification reactions using the primers SPH3 and SPH7. Filters 
were hybridised with probes T37-1 (A), T37-2 (B), T37-3 (C) and T37-5 (D).
An Assessment of the Distribution of RAPD-Derived Probes 
Within Rhizobium Isolates bv 
Hybridisation to Restriction Digests of Total Genomic DNA.
Material from this chapter has been included in the paper:
DOOLEY J.J., HARRISON S.P., MYTTON L.R., DYE M., CRESSWELL A. & 
SK0T L. Characterisation of a Series of Rhizobium Species- and Strain-Specific DNA 
Probes. Submitted to FEMS Microbiology Letters.
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Abstract
Hybridisation of a series of potential species-specific RAPD-derived probes to 
restriction digests of total genomic DNA from a selection of Rhizobium isolates 
revealed that the probes V1D and TIE, although derived from two separate biovars, 
reacted in an identical manner. This supports previous findings and indicates strongly 
that they are highly homologous. RFLP analysis also suggests that these two probes 
are species-specific. Results from hybridising the R  meliloti probes, MIA, M1B and 
MIC, also confirmed previous findings that these probes were not species-specific. 
However, RFLP profiles derived from probe M1B resulted in the classification of R  
meliloti isolates into three sub-groups. Two of these groups, one and three, had similar 
RFLP patterns. Both groups comprised strains from the large R  meliloti cluster 
identified from RAPD profile analysis (Chapter 3; Dooley et al., 1993). The third 
RFLP group comprised those isolates from the smaller RAPD cluster. It was also 
noted that the presence of a 4.2 Kb band, following hybridisation with probe M1B, 
was associated with isolates of the large RAPD cluster. A strong hybridisational signal 
from a 13.8 Kb band was also found to be indicative of membership of group one as 
defined by RFLP analysis.
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Introduction
Bacterial classification can be achieved using a variety of techniques which 
have been discussed more fully in Chapter 1. These methods include those commonly 
known as fingerprinting of which RFLPs are an example.
The cleavage of total genomic DNA with restriction enzymes followed by gel 
electrophoresis, of the digested DNA, can be employed, on its own, for classification 
purposes. Mielenz et al., (1979) used this method to differentiate between several 
Rhizobium species, whilst Laguerre et al., (1992a) used this technique, in conjunction 
with plasmid profiling and RFLPs, to study R. leguminosarum bv viciae. The use of 
labelled DNA probes, however, provides a better method of resolving strain and 
species differences.
The type of probe employed varies and depends upon the particular interests of 
the research group. Insertion sequences (IS) have been used as probes for the 
identification of 7?. meliloti (Wheatcroft and Watson, 1987), whereas repeat sequences 
(RS) have been employed in studies of Giardia intestinalis, a parasitic protozoal 
species, (Ey et al., 1992), R. leguminosarum bv trifolii (Schofield et al., 1987) and B. 
japonicum (Minamisawa et al., 1992). Restriction fragment length polymorphisms 
(RFLPs) have been used widely in the study of various bacterial species including 
Lactobacillus helveticus (de los Reyes-Gavilan et al., 1992) and Xanthomonas 
campestris (Gabriel et al., 1988) and the Mycoplasma like organism which causes X 
disease (Lee et al., 1992). RFLPs have also been employed in the study of rhizobial 
species. Stanley et al., (1985) used a selection of probes to create a series of RFLPs 
with which they identified two subgroups of R. japonicum (now B. japonicum [Elkan,
1992]). RFLPs have also been used, in conjunction with allozyme electrophoresis, to 
study R. leguminosarum bv trifolii (Demezas et al., 1991). All three biovars of the 
species R. leguminosarum have been studied by Laguerre et al, (1992a,b) using RFLPs 
and plasmid profiling.
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All these previous studies have employed specific probes to create RFLP 
patterns. In this study RAPD-derived probes, which have been described earlier 
(Chapters 3, 5 and 6), have been used to create RFLP patterns. This study was carried 
out in order to examine the distribution of these DNA fragments within each species 
and within individual strains.
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Materials and Methods
All materials and methods used in this study are described in Chapter 2. 
Stringency washes, following hybridisation of species-specific probes were performed 
at 50° C in a wash solution of lx SSC, 0.1% SDS. The strain-specific probe, T37-3, 




The results of hybridising DNA digests with the probe MIA are shown in 
Figures 7.1 to 7.3. At the level of stringency washing used the following observations 
were made.
R. leguminosarum bv trifolii'.
When MIA was hybridised to digests of R. leguminosarum bv trifolii DNA no 
strains were seen to hybridise to the probe. This indicates little or no homology exists 
between the R. meliloti probe MIA and the species R. leguminosarum bv trifolii. A 
similar result was found when MIA was hybridised to RAPD profiles of this biovar. 
However, when colony blots were probed isolate i?/JJD4 was found to reveal a degree 
of homology to the probe although the signal intensity from this isolate was less then 
that from the control strain. It may, therefore, be that this colony blot result was not a 
true positive. The observations made from RFLP and RAPD analysis of strains of R. 
leguminosarum bv trifolii appear to suggest that Ml A is of potential use as a species- 
specific probe.
R. leguminosarum bv viciae:
The results of hybridising MIA to restriction digests of DNA from R.
leguminosarum bv viciae isolates are shown in Figure 7.1. The number of
distinguishable bands seen on RFLPs from R. leguminosarum bv viciae isolates varies
between zero (isolates Rv1004, i^vl012, i?vl014, i?vl015 andiM 016) and ten (isolate
iM 025). The largest band observed is of size 11.4 Kb and the smallest of size 1.6 Kb.
One band of size 2.5 Kb occurs in twelve of the isolates, i^vlOOl, i?vl011, i?vl013 and
R v \0 \l  -Rv\026, with varying intensities. The observed intensity differences could be
due to a variation in copy number which suggests the presence of a plasmid borne
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piece of DNA. Isolates i?vl017, i?vl025 and Rv1026 show the strongest signal with 
this probe while a very faint signal is seen in isolates Rv 1021 and Rv1024. There 
appears to be no correlation between the presence of certain bands or band signal 
intensity and strain classification based on RAPD profiles. Isolates i?vl013, iM 017 
and i?vl025 reveal what may be a polymorphic band of size 2.8 Kb. This is about 300 
bp larger than the 2.5 Kb band.
Isolate iM 025 reveals three strongly hybridising bands of sizes 6.1 Kb, 3.2 Kb, 
and 2.5 Kb, the smaller of which is the common band just discussed. Very few of the 
remaining RFLP bands seen in the various isolates are shared by more than two 
isolates and many are found in one strain only.
These observations revealed that a certain degree of homology exists between 
isolates of R. leguminosarum bv viciae and the species R. meliloti. The results also 
suggest that the probe maybe homologous to a plasmid borne region of the genome as 
variations in intensity indicate variations in copy number. However, variations in copy 
number of such large plasmids would be rare and may therefore indicate that the 
differences could be caused by repeats of small segments of the genome. This tends to 
imply the presence of RSs of varying numbers within each strain. The absence of the 
band from some isolates again suggests it is not chromosomal, as this would make it 
universally present. However, these observations could also be the result of ISs which 
are present in some isolates but absent from others. Finally, the exchange of DNA 
between isolates of these two species has been reported (Djordjevic et al., 1983; 
Broughton et al., 1987). In these cases the material exchanged has been plasmid DNA 
which indicates that the bands observed on the DNA digest may be plasmid borne. The 
nature of transposable elements (transposons) means they move of from one strain to 
another and replicate themselves within each strain. This could also account for the 
variation in band intensity observed made here and also for the presence of the band in 
some strains while it is absent from others.
The differences in the hybridisation patterns between R. leguminosarum bv
trifolii and R. leguminosarum bv viciae, observed with this probe, indicate that,
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although closely related, variation between them does exist. It may therefore be 
possible to differentiate between some isolates from these two biovars using this probe.
When the stringency, of the washes, is increased the fainter bands, observed on 
the R. leguminosarum bv viciae filters, are removed leaving only the 3.9 Kb band 
observed in isolate iM007, two bands one of 2.5 Kb (the common band) and one of 
2.3 Kb in isolate iM O ll, a band of 3.0 Kb in isolates i?vl017 and 7?vl018 and the 3.2 
Kb band in isolate i?vl025. When MIA was hybridised to RAPD profiles of strains of 
R. leguminosarum bv viciae and R. leguminosarum bv trifolii there were no bands 
apparent, which suggested that the probe maybe species-specific. However, cross­
hybridisation with R. leguminosarum bv phaseoli isolates dispelled this theory and 
meant the probe was of little use for species-specific work. This observation was 
confirmed by colony blots where two isolates of R. leguminosarum bv viciae (7M004 
and i?vl021) and one isolate of R. leguminosarum bv trifolii (ifrJJD4) displayed some 
cross-reactivity with the probe. It would be expected, however, that colony and RFLP 
results would be similar. The variations observed between RFLPs and colony blots 
may be the result of poor DNA fixation to the colony blot filters, or it may be that 
extra-cellular material, which remained following cell lysis, has shielded the DNA from 
the probe. Results obtained from both colony blots and RFLPs of R. leguminosarum 
bv viciae indicate that MIA is of little use as a species-specific probe.
R. leguminosarum bv phaseoli:
The results of hybridising Ml A to digests of R. leguminosarum bv phaseoli
DNA are shown in Figure 7.2. From Figure 7.2 it can be seen that very few bands are
present in isolates of R  leguminosarum bv phaseoli. Only isolates Rp36Q3 and
Rp3608 reveal the presence of two bands of sizes 11 Kb and 2.5 Kb. Isolates Rp3607,
Rp3609, Rp36\\ and Rp36\4 display one band each of sizes 2.5 Kb, 2.5 Kb, 3.8 Kb
and 2.2 Kb. respectively. These results indicate homology exists between the species
R. meliloti and isolates of the species R. leguminosarum bv phaseoli. This, again,
supports the hypothesis that MIA is of little use for species-specific work. The
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presence of a 2.5 Kb band in some isolates is similar to the 2.5 Kb band seen in R. 
leguminosarum bv viciae isolates and may be from an identical region of the genome. 
This band was suggested as possibly being a plasmid borne fragment, which intimates 
plasmid exchange between strains of these two biovars, phaseoli and viciae has 
occurred. Isolates i?vl017, 7fy?3607, Rp3609 and Rp36l4 all cluster together at the 80- 
100% level of similarity following analysis of RAPD profiles. The results of this 
Cluster Analysis and hybridisation with MIA indicate that isolate 7M017 may have 
been mis-labelled as an isolate of R. leguminosarum bv viciae.
R. meliloti'.
The results of self hybridisation between R. meliloti strains and the R. meliloti
probe, MIA, are shown in Figure 7.3. The numbers of bands per strain varies between
zero (5 isolates) and fourteen (isolate Rm2000). The largest band revealed by this
probe is of size 20 Kb and the smallest 960 bp. Four bands of particular interest are
those of sizes 8.9 Kb, 8.4 Kb, 7.7 Kb and 3.6 Kb. The 8.9 Kb band is seen in seven of
the strains with a relatively high signal intensity in isolates Rm2Q0l, Rm2003 and
Rm2007. A polymorphic band of slightly smaller size (8.5 Kb) can be seen in isolates
Rm2000, Rm2007 and Rm2009, the latter strain not displaying any presence of the 8.9
Kb band. The 8.4 Kb band is seen in only two isolates, Rm2006 and Rm20l5. This
band may, however, be a second polymorph of the 8.9 Kb band as both these strains
also contain this larger band. The intensities of these two bands (8.9 Kb and 8.4 Kb)
suggest a higher copy number of the smaller band. The third band (7.7 Kb) is also seen
in relatively high amounts, based on signal intensity, in the strains Rm2001, Rm2003,
Rm2007, Rm2009 and Rm20\l, the latter isolate showing a very strong signal with the
probe. No other isolates contain this band although there are possible larger
polymorphic bands in isolates Rm2000, Rm2008, Rm20l3 and Rm20\5 and smaller
polymorphic bands in isolates Rm2Q12 and Rm20l5. These possible polymorphic
bands are very weak in intensity when compared to the 7.7 Kb sized band. All the
isolates, with the exception ofRm20\2 and Rm20l5, displaying the presence of the 7.7
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Kb band and its potential polymorphic bands are found in the larger cluster formed 
when RAPD profiles are analysed (Chapter 3). This result therefore appears to confirm 
the finding that R. meliloti may be composed of two sub-groups as described in 
previous reports (Chapter 3; Young et al., 1985; Eardly et al., 1990; Dooley et al.,
1993). The smallest band of interest (3.6 Kb) can be seen in strains RmlOOO, Rm20Q\ , 
ifrw2003, Rm2006, Rm200$, Rm20\0, Rm20\\ and Rm20\5. A strong signal is seen in 
isolates Rm2Q0l, Rm2003 and Rm20ll but weaker signals in the other isolates. 
Several other weak signals can be seen in various isolates and there is also a strong 
band of size 960 bp. in isolates Rm2000 and Rm200\ only.
The overall banding patterns observed following hybridisation of R. meliloti 
filters with MIA (Figure 7.3) are not of great value for strain classification. However, 
the presence of certain bands in particular strains does correspond to isolate clustering 
when RAPD profiles were analysed and is similar to the presence of certain bands 
when these RAPD profiles were hybridised with MIA.
Probe M1B:
R. leguminosarum bv trifolii'.
When M1B was hybridised to DNA digests from isolates of R. leguminosarum 
bv trifolii no banding patterns were obtained. This result is similar to that observed 
when MIA was employed. When probes MIA and M1B were hybridised to RAPD 
profiles from R. leguminosarum bv trifolii isolates no hybridisation was observed, 
which is in agreement with results found here. However, when M1B was hybridised to 
colony blots nearly all isolates from all species, including R. leguminosarum bv trifolii, 
were seen to hybridise to the probe. This indicated that M1B had some homology with 
nearly every soil-borne bacterial strain examined. The results presented here, however, 
intimate that there is little homology between the R. leguminosarum bv trifolii isolates 
and M1B.
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R. leguminosarum bv viciae:
The results of hybridising R. leguminosarum bv viciae filters with M1B are 
shown in Figure 7.4. The number of visible bands per strain varies between zero and 
five, with five isolates (7?vl004, Rv 1012, 7?vl014, i?vl015 and ^vl016) displaying no 
pattern and two (Kvl023 and iM 025) revealing five bands. Five intense bands can be 
seen in isolates i?vl007, 7M011, i?vl017, i?vl018 and ^vl025. These bands are of 
sizes 3.9 Kb (isolate i?vl007), 2.5 Kb (strain J?vl011), 3.0 Kb (isolates i?vl017 and 
i?vl018) and 4.3 Kb and 3.2 Kb (isolate 7M025). Bands of these sizes are also 
observed when Ml A is hybridised to the digested genomic DNA of R. leguminosarum 
bv viciae isolates, although the relative intensities of the signals varies. When RAPD 
profiles were probed with M1B no bands were observed although colony blots did 
reveal a high level of cross-hybridisation. The lack of hybridisation to RAPD profiles is 
probably owing to either a variation in the primer binding sites which has resulted in no 
amplification of this part of the genome, from R. leguminosarum bv viciae isolates, or 
there has been a change in the distance between the primer sites (owing to an insertion) 
which has resulted in the maximum distance for DNA amplification (about 3.0 Kb) 
being exceeded.
R. leguminosarum bv phaseoli:
Following hybridisation of M1B to DNA digests of R  leguminosarum bv
phaseoli isolates the results shown in Figure 7.5 were produced. Band sizes seen on
the R  leguminosarum bv phaseoli filter vary between 25.7 Kb and 2.3 Kb, with only
ten isolates displaying any hybridisation with the probe. Isolates Rp3603, Rp3607,
Rp360S and Rp3609 show nearly identical patterns with four common bands of sizes
11.2 Kb, 2.8 Kb, 2.5 Kb and 2.2 Kb. This suggests that these four isolates are from the
same sub-group which are presently believed to comprise R. leguminosarum bv
phaseoli (Pinero et al., 1988; Martinez-Romero et al., 1991; Dooley et al., 1993).
When the results of RAPD analysis are examined (Chapter 3) the strains Rp3601,
ify?3608 and Rp3609 are found to be grouped together in a cluster formed at the 80-
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100% similarity level. Strain Rp3603, however, is found to associate with the R. 
leguminosarum bv trifolii / viciae cluster formed at the 75-80% level of similarity. 
This observation appears to contradict the findings made from RFLP analysis and may 
indicate the existence of variations between these strains which are detectable 
following DNA amplification but not after DNA hybridisation studies. This would, 
therefore, suggest that the differences are in the primer binding regions which alters the 
RAPD pattern observed in isolate Rp3603. The 2.8 Kb band displays an intense signal 
in these isolates and is also present, as the sole band in isolate Rp36\l. The 2.5 Kb and
2.2 Kb bands are found as a couplet in strains Rp3603y Rp3601 and 7fy?3608. The 
smaller band is found alone in isolates Rp3609, Rp36\ \ , Rp36\4 and Rp3626. Bands 
of size 2.5 Kb and 2.2 Kb are also found following hybridisation of these digests with 
MIA. The presence of these bands following hybridisation with both probes intimates 
at a degree of homology existing between probes MIA and M1B. The remaining bands 
of various sizes are found in only one or two strains. Also, all these bands, with the 
exception of a 4.6 Kb band found only in isolate R p36\\y display a poor signal 
intensity which is eliminated with a stronger stringency wash.
R. meliloti:
The results of probing R. meliloti isolates with M1B are shown in Figure 7.6. 
Five of the R. meliloti strains do not show any banding pattern with M1B while those 
isolates with bands have between three and fourteen distinguishable bands. The largest 
of these bands is 20 Kb and the smallest 3.4 Kb in size. This small band appears to be 
polymorphic and is discussed further below.
Three sets of isolates with identical banding patterns can be seen on the filters;
group one consists of isolates Rm290\y Rm20Q3y Rm2991 and Rm2QQ9i group two of
strains Rm2006 and Rm29\5 and group three of isolates Rm2000, Rm200$, Rm20\0
and Rm20l3 (although the strain Rm2013 lacks some bands from the pattern). This
third cluster,"however, would link with the first set if some of the intermediate bands
were removed. This suggests a sub-division may exist within one of the groups so that
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the R. meliloti species comprises two major strain clusters of which one of these 
groups comprises two smaller sets. When clusters formed by RAPD and RFLP analysis 
are examined the strains comprising group two (from the RFLP analysis) are found to 
comprise the smaller RAPD cluster formed at the 80-100% level of similarity (Chapter 
3). The two remaining strains forming this RAPD group are Rm2002 and Rm20l2, 
however, no RFLP patterns have been produced for these strains. The larger RAPD 
cluster (Chapter 3) comprises those strains forming groups one and three from RFLP 
analysis. This observation confirms the findings from Chapter 3 where a subdivision of 
the species R. meliloti was found following analysis of RAPD patterns. This sub­
division of the species R. meliloti has also been suggested previously (Young, 1985; 
Eardly et al., 1990; Dooley et al., 1993). No RFLP pattern was produced for the strain 
RmlOM which from RAPD analysis was found to be mis-labelled (Chapter 3). RAPD 
analysis suggested strainRm20\l was an isolate oiR. leguminosarum bvphaseoli, but 
without an RFLP pattern this cannot be confirmed here. These observations indicate 
that M1B maybe of use for differentiating between isolates of the two sub-groups of 
the species R. meliloti.
From an observation of the RFLP patterns five bands of sizes 13.8 Kb, 5.3 Kb,
4.2 Kb, 3.5 Kb and 3.3 Kb, which are fairly common to the strains of R. meliloti, can
be seen. The 13.8 Kb band is seen in nine isolates Rm2000, ifrw2001, Rm2Q93,
Rm2Q0Ai Rm2Q01, Rm2009i Rm20\0, RmlOW and Rm20\3 with varying signal
intensities. The strongest signal is associated with those isolates comprising group one
as described above, i.e. strains Rm2Q0\ , Rm2003, Rm2Q>01 and Rm2Q09. Relatively
weak signals are seen in the other isolates which are mostly group three strains with
the addition of isolates i&w2004 and Rm20\\. All the isolates are from the larger
cluster formed at the 80-100% level of similarity following the application of Cluster
Analysis to the RAPD profiles. This may indicate that presence of this 13.8 Kb band is
indicative of membership of this subgroup of the R. meliloti species and so may be of
use as a marker for such purposes. The 5.3 Kb band is seen in the same isolates as the
13.8 Kb band with the exception of isolates Rm299A and Rm20\3 which lack the
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smaller band. The strains Rm2006 and Rm20l5 contain the 5.3 Kb band but not the 
larger 13.8 Kb band. These two strains are from the smaller R. meliloti subgroup 
formed after analysis of RAPD profiles. The presence of the 5.3 Kb band in both 
subgroups of R. meliloti therefore indicates a degree of homology exists between both 
these subgroups. The third smallest band (4.2 Kb) is present in eight isolates which 
form groups one and three as described above. This again confirms the earlier findings 
about a subdivision within the species R. meliloti and indicates that the presence of this 
band maybe indicative of membership of the sets one or three as defined by RFLP 
analysis. The remaining two bands, of sizes 3.5 Kb and 3.3 Kb, are the most common 
appearing together or alone in all twelve isolates which show banding patterns with 
this probe. The occurrence of these bands suggests that they are polymorphic. They 
appear as a doublet in strains Rm2000, Rm200\, Rm2003, Rm20\0 and Rm20\\. The 
larger band (3.5 Kb) is present alone in isolates ifrw2004, Rm2006, Rm200$, Rm20l3 
and Rm20\5 and the smaller band (3.3 Kb) is present in strains Rm2007 and Rm2009. 
The smaller of these bands is therefore only present in isolates from the larger 
subgroup identified following RAPD profile analysis.
Overall observations made with M1B suggest that it is of little use as a species- 
specific marker as it displays high levels of cross-reactivity with all species except R. 
leguminosarum bv trifolii. However, when used to back probe to restriction digests of 
R. meliloti genomic DNA this probe appears to be of use in classifying these strains 
into the two major sub-groups identified from RAPD profile analysis. This probe also 
allows for a further sub-division of the larger cluster, identified by RAPD profile 
analysis, into two smaller sets. It would be interesting to use this probe to analyse 
restriction digests of Bradyrhizobium digests in order to ascertain if this probe can be 




No bands were present in strains of R. leguminosarum bvs trifolii and phaseoli 
when probed with MIC suggesting that this probe may be species-specific. However, 
four isolates of R. leguminosarum bv viciae reveal RFLP banding patterns with MIC 
(Figure 7.7) so dispelling this theory. Two of these isolates, i?vl017 and 7?vl019, have 
only a single band each, of sizes 2.7 Kb and 3.0 Kb respectively. The remaining two 
isolates, 7M014 and 7M015, have five and six bands respectively. Isolate 7?vl014 has 
bands of size 4.7 Kb, 4.6 Kb, 3.5 Kb, 2.0 Kb and 1.8 Kb and strain i?vl015 has bands 
of size 5.5 Kb, 5.1 Kb, 4.6 Kb, 4.4 Kb, 3.6 Kb and 3.0 Kb. Only the small (1.8 Kb) 
band in isolate 7?vl014 displays a strong signal with this probe at this level of 
stringency washing. When greater levels of stringency washing are used this small band 
is the only signal seen from the R. leguminosarum bv viciae isolates. This, however, 
still indicates the existence of a degree of homology between these two species. These 
observations vary from those made when RAPD profiles were hybridised with MIC. 
Southern blots of RAPD profiles revealed only the presence of a single 630 bp. band in 
R  leguminosarum bv phaseoli isolate J^p3618. The lack of a band in this isolate 
following hybridisation to DNA digests is probably owing to the increased stringency 
wash conditions which will remove any unstable probes. The presence of bands, 
following RFLP analysis, in isolates of R. leguminosarum bv viciae which failed to 
display there presence following RAPD analysis indicates that this part of the genome 
has not been amplified during the RAPD reaction.
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R. meliloti'.
The results of hybridising MIC to DNA digests of R. meliloti are shown in 
Figure 7.8. From this figure it can be seen that band numbers vary between zero 
(isolates Rm2002> Rm2004, Rm2005, Rm2008, Rm20\2, Rm20\6 and Rm 20ll) and 
ten (isolate Rm2002). Band sizes vary between 15.1 Kb (isolate Rm2007) and 1.1 Kb 
(isolate Rm200l).
From a general observation of the results a group of isolates with similar 
banding patterns is seen to emerge. This cluster comprises strains Rm200l, Rm2003 
and Rm2007 and possibly isolates Rm2009 and Rm20l 1 which have slight variations in 
their profiles. From RAPD profile analysis (Chapter 3) all these isolates are found in 
the larger R. meliloti cluster formed at the 80-100% level of similarity. These strains 
are also part of sub-group one, as defined by RFLP analysis using M1B. The six major 
bands which are shared amongst these isolates are of sizes 11.9 Kb, 8.5 Kb, 4.7 Kb,
4.4 Kb, 3.5 Kb and 2.8 Kb. The variations that can be seen include the replacement of 
the 8.5 Kb band with a smaller 7.6 Kb band in isolates Rm2003 and Rm2Q\ 1 and a 3.8 
Kb band in place of the 3.5 Kb band in isolate Rm2099. Isolates Rm2009 and Rm20l 1 
also lack the 4.4 Kb band while the latter strain has a 2.9 Kb band in place of the 2.8 
Kb band. The variations between patterns indicate that although highly related (>80% 
similarity) these isolates do have genomic differences which can be detected using 
RFLPs.
The observations made with both probes MIC and M1B indicate that there 
maybe several sub-groups within the species R. meliloti. This is similar to findings 
reported previously (Young, 1985; Eardly et al., 1990; Dooley et al., 1993). The 
results presented here also indicate that MIC maybe of use for identification of strains 
composing the large cluster as defined by RAPD analysis (Chapter 3). This probe is, 
however, inefficient at producing useful profiles from the other isolates and means they 
cannot be linked based on their RFLP patterns.
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Probes V1D and TIE:
Both these probes reacted in an identical manner and have therefore been dealt 
with simultaneously. This observation is similar to that made when these probes were 
hybridised to blots of RAPD profiles and colony blots. This, therefore, again confirms 
the high level of homology between these two probes.
R. leguminosarum bv trifolii:
The results of hybridising probes VID or TIE to restriction digests of DNA 
from isolates of R. leguminosarum bv trifolii are shown in Figure 7.9. From 
observations of Figure 7.9 it can be seen that all the isolates, with the exception of 
strain R tl2 \  (lane 5), reveal the presence of at least one band with this probe. The 
largest distinguishable band, of size 3.7 Kb, is found in isolates 7&0404 and 7frl62P17. 
The smallest band, of size 1.5 Kb, is seen in four isolates, Rt5, Rt7D5, RtR.1.3 and 
ifrRA.C41. A common band of size 2.26 Kb can be seen in all isolates (except strain 
Rt22\ which reveals no banding pattern) including isolates Rt3S and RtJJDll, which 
display very weak signals at this band size. The presence of, in effect, a single band in 
the RFLPs profiles of the R. leguminosarum bv trifolii isolates is similar to results 
obtained when RAPD blots were back-probed with this probe (Chapter 5). This 
suggests the piece of DNA amplified during the RAPD analysis and used to construct 
either of the probes is a single copy DNA fragment. The presence of this fragment in 
all isolates of R. leguminosarum bv trifolii, whether hybridised with V1D or TIE, 
indicates a high degree of homology exists between strains of R. leguminosarum bv 
trifolii and both the probes. The results also indicate that the DNA is from a highly 
conserved region of the genome otherwise a greater amount of variation in band 
numbers and size would be expected.
Variations between the band patterns from the isolates do exist. These include
a 2.3 Kb band, which is possibly polymorphic to the 2.26 Kb common band, which is
found in isolates /&0404, ifrl62BBl, Rt\62V\l and 7frl62X7a. A slightly larger band
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of about 2.33 Kb, which again maybe polymorphic, can be seen in isolates Rt3, Rt35 
and ifrl62S7a. Isolates Rt\62Sla and 7M62BB1 also display the presence of a band of 
size 2.5 Kb. These small, possibly polymorphic, band variations indicate that 
differences between the R. leguminosarum bv trifolii isolates do exist.
Several isolates also appear to have identical band patterns which indicates that 
sub-sets of isolates exist within this biovar. The three groups that can be identified 
include isolates ifrJJD4 and /frJJD9, isolates Rt5, Rtl'DS, RtR\.3 and ifrRAC41 and 
isolates and .R/0404, Rt\62P\7 and ifrl62X7a. Strains Rt3, 7frl62S7a and ifrl62BBl 
all have unique profiles not seen in any other isolate. From results of RAPD analysis it 
was found that strains RtO404, Rt 162P17 and 7frl62X7a associate at the 75-80% level 
of similarity. They also all fall spatially within the same region of the cluster. Isolates 
i?/JJD4 and ifrJJD9 also lie close to each other within the same cluster formed at the 
75-80% level of similarity. The other isolates, however, are divided between the two 
clusters.
R. leguminosarum bv viciae".
The results of probing DNA digests from R. leguminosarum bv viciae isolates
with V1D or TIE are shown in Figure 7.10. From Figure 7.10 it can be seen that band
numbers, per strain, vary between one (isolate /?vl007) and thirteen isolate (i?vl026).
The band sizes vary between a minimum of 1.8 Kb and a maximum of 9.9 Kb, both of
which are in isolates Z?vl025 and 7M026. A band of 3.6 Kb is apparent in at least nine
of the isolates (strains i?vl017 to 7M026) and, allowing for gel distortions, is probably
also present in isolates i^vlOOl and Rv 1013. This 2.6 Kb band maybe equivalent to the
2.3 Kb band seen in R. leguminosarum bv trifolii isolates, although it is about 300 bp
larger. The variation of 300 bp between these two bands may, therefore, be of use for
separating isolates from the two biovars. The 2.6 Kb band is not, however, universally
distributed throughout the R. leguminosarum bv viciae isolates, it being replaced by
two polymorphic bands of 2.8 Kb and 2.5 Kb in strain 7M01 1 and a band of 3.6 Kb in
isolate 7M007. Several isolates, especially i^vlOOl, i?vl025 and Rv1026, also display
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the presence of a selection of larger bands of varying sizes. This variation in the 
profiles suggests that there is a greater amount of genomic variation amongst strains of 
R. leguminosarum bv viciae than there is amongst R. leguminosarum bv trifolii. 
However, none of the R. leguminosarum bv viciae profiles are of use for classifying 
the isolates as no two strains appear to have the same RFLP profile. This tends to 
suggest that there are few highly related isolates in the species R. leguminosarum bv 
viciae. This is similar to results from RAPD profile analysis (Chapter 3) where the R. 
leguminosarum bv trifolii and R. leguminosarum bv viciae isolates formed clusters at 
the 75-80% level of similarity. The other species had strains which clustered at the 80- 
100% level of similarity. These observations vary from those found when VID or TIE 
were hybridised to the R. leguminosarum bv trifolii DNA digests. The R. 
leguminosarum bv trifolii strains all have very similar RFLP profiles and the small 
variations between them are useful for a limited degree of strain classification.
R. leguminosarum bv phaseoli:
Probing restriction digests ofR. leguminosarum bv phaseoli with VID or TIE
produced the results shown in Figure 7.11. Observations of Figure 7.11 reveal that
eleven strains display banding patterns with this probe. The bands vary in size between
23.4 Kb and 1.6 Kb and the number per strain varies between one (isolates Rp36\3
andify?3615) and nine (isolates Rp3603 andify?3608). Four bands of sizes 10.7 Kb, 2.6
Kb, 2.4 Kb and 2.3 Kb are seen in up to eight of the strains of R. leguminosarum bv
phaseoli. The smallest of these bands is the same size as the common band seen in the
R. leguminosarum bv trifolii isolates. This may suggest that this band is shared by both
R. leguminosarum bv phaseoli and R. leguminosarum bv trifolii isolates. However,
the presence of this DNA is not consistent within the R. leguminosarum bv phaseoli
isolates with only eight isolates (Rp3603, Rp3606, Rp3607, Rp360%, Rp3609, Rp36\\,
Rp36\l and Rp3626) from this study displaying the presence of this DNA fragment.
The presence of the band in these isolates may, therefore, indicate that they are more
related to the R. leguminosarum bv trifolii isolates than those R. leguminosarum bv
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phaseoli isolates which do not contain the band. From RAPD results (Chapter 3) 
isolate Rp3603 was found to associate with the R. leguminosarum bv trifolii / viciae 
cluster formed at the 75-80% level of similarity. The remaining strains were mostly 
linked into the large R. leguminosarum bv phaseoli group formed at the 80-100% level 
of similarity. This indicates a high level of homology exists between these isolates. The 
presence of the band in some isolates and not in others highlights a division within the 
R. leguminosarum bv phaseoli group. Similar reports have been made previously 
(Chapter 3; Pinero et al., 1988; Martinez-Romero et al., 1991; Dooley etal., 1993).
Examination of the banding patterns from isolates in Figure 7.11 suggests that 
the strains 7fy?3603, Rp3601, Rp360$ and Rp36\l (although this latter strain has faint 
band signals) form a group distinct from the other strains which display banding 
patterns. When the results from analysis of the RAPD fingerprints are examined the 
strains Rp3601 and 7?p3608 are found to cluster within the ten strain cluster seen at the 
80-100% level of similarity. The remaining strains from this RAPD cluster are R. 
leguminosarum bv phaseoli isolates Rp3606, Rp3609, Rp36\4, Rp3624, R. 
leguminosarum bv trifolii isolate RtRAC35, R. leguminosarum bv viciae isolates 
7?vl015 and 7?vl017 and R. meliloti isolate RmlOll. The R. leguminosarum bv 
phaseoli isolates Rp3606, Rp3609 and Rp36l4 all reveal the presence of the 2.3 Kb 
band. The presence of this band in these strains and their clustering with isolates of R. 
leguminosarum bvs trifolii and viciae when RAPD profiles are analysed suggests a 
certain degree of homology exists between these particular strains and the species R. 
leguminosarum. The isolate Rp3693 fails to cluster with any R. leguminosarum bv 
phaseoli when RAPD profiles are analysed, however, it does cluster with the upper R. 
leguminosarum bv trifolii / viciae cluster formed at the 75-80% similarity level. The 
results from RFLP analysis, therefore, appear to lend a degree of support to the 
findings obtained from RAPD profile analysis. It may be that the strains showing RFLP 
patterns with these probes are either R. leguminosarum bv phaseoli Group I isolates or 
are of the recently formed species R. tropici as defined by (Martinez-Romero et al., 
1991).
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The remaining isolates displaying RFLP patterns are Rp36\3 and i?p3615 
which carry only a single band of size 3.1 Kb. These two strains also have identical 
RAPD profiles when amplified with SPH1. Isolate Rp3626 is the final strain to reveal 
any homology with V1D or TIE. This strain clusters with isolates Rp36\8 and Rp36\9 
when RAPD patterns are analysed, however, no banding patterns are produced, for 
these two strains, with RFLP analysis so no comparison can be made.
The partial patterning of the strains from R. leguminosarum bv phaseoli 
supports previous findings (Chapter 3; Pinero et al., 1988; Dooley et al., 1993) that 
the species R. leguminosarum bv phaseoli is not a homologous group but is a 
compilation of assorted strains which have the ability to nodulate beans (Phaseolus 
vulgaris).
R. meliloti:
No pattern was obtained following hybridisation of V1D or TIE to the DNA 
digests of R. meliloti isolates. This indicates a lack of any homology between these R. 
leguminosarum probes and the species R. meliloti and indicates that the probes may be 
of use for species-specific studies. This observation is in accordance with that made 
when RAPD profiles were hybridised to this probe. However, when colony blots were 
probed at least one isolate (K/w2005) indicated a degree of homology with V1D and 
TIE. The intensity of the signal from this isolate was, however, not quite as strong as 
that from the control isolate so that a false positive may have been made.
RFLP profiles obtained following hybridisation of the species-specific probes 
MIA, M1B, MIC, V1D and TIE to DNA digests confirm, in the most part, findings 
made in previous chapters. The following general points of interest can, however, be 
drawn from the hybridisation results, (i) The three R. meliloti derived probes are of 
little use as species-specific probes as they all display varying levels of cross­
hybridisation to R. leguminosarum isolates, (ii) However, the profiles obtained 
following hybridisation of M1B to DNA digests of R. meliloti isolates appears to be
more useful for classification of this species than previous studies (Chapters 5 and 6)
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have indicated. These profiles intimate the existence of three sub-sets within the 
species R. meliloti, although two of these groups are closely related. This result is 
similar to those seen following RAPD profile analysis (Chapter 3) where two clusters 
were in evidence , at the 80-100% level of similarity. The three sub-groups identified 
from RFLP analysis were found to be in accordance with the RAPD clusters. These 
results are similar to those reported previously (Young, 1985; Eardly et al., 1990; 
Dooley et al., 1993). (iii) It was also found that certain RFLP bands observed on filters 
hybridised with M1B coincide with membership of the sub-groups described above. 
These bands may, therefore, be of use as markers for the identification of those isolates 
from the individual sub-sets, (iv) Probes V1D and TIE were found to hybridise in an 
identical manner which is consistent with previous observations (Chapters 5 and 6). 
This again confirms the great similarity between these two probes, (v) RFLP analysis 
using V1D or TIE revealed that isolates of R. leguminosarum bv trifolii form quite a 
homogeneous group but that strains of R. leguminosarum bv viciae form a more 
diverse group, (vi) Probes V1D and TIE reveal the presence of a 2.3 Kb band in all 
isolates of R. leguminosarum bv trifolii and a 2.6 Kb band in most strains of R. 
leguminosarum bv viciae. This band size variation (about 300 bp) maybe of use for 
identifying isolates from these two biovars.
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Strain-specific probe T37-3:
Probe T37-3, when hybridised to R. leguminosarum bv trifolii strains, 
produced the results shown in Figure 7.12. From observations of the results it can be 
seen that a band of size 2.1 Kb is strongly hybridised to in isolate 7frJJD15. This is the 
isolate from which the probe was isolated and indicates a single copy of the probe 
DNA is found in this strain only. The presence of this band in this isolate only indicates 
that this probe could be used for strain-specific research when these eighteen R. 
leguminosarum bv trifolii isolates are used. The absence of this probe from the 
seventeen isolates which fail to hybridise to it cannot be taken as indicative of its 
absence from a larger R. leguminosarum bv trifolii population.
The result obtained with this probe does, however, indicate that it is possible to 
identify and isolate strain-specific markers from RAPD profiles. However, the 
identification of only one probe from a potential eleven probes highlights the high level 






Figure 7.1: This figure shows the results of hybridising probe M IA to restriction
digests of total genomic DNA from isolates of R. leguminosarum bv viciae. Sizes (Kb)
from Marker II (B. Mannheim) are shown.
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Figure 7.2: This figure shows the results of hybridising probe M IA to restriction
digests of total genomic DNA from isolates of R. leguminosarum bv phaseoli. Sizes








Figure 7.3: This figure shows the results of hybridising probe M IA to restriction
digests of total genomic DNA from isolates of R. meliloti. Sizes (Kb) from Marker II
(B. Mannheim) are shown.
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Figure 7.4: This figure shows the results of hybridising probe M1B to restriction
digests of total genomic DNA from isolates of R. leguminosarum bv viciae. Sizes (Kb)
from Marker II (B. Mannheim) are shown.
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Figure 7.5: This figure shows the results of hybridising probe M1B to restriction
digests of total genomic DNA from isolates of R. leguminosarum bv phaseoli. Sizes




Figure 7.6: This figure shows the results of hybridising probe M1B to restriction
digests of total genomic DNA from isolates of R. meliloti. Sizes (Kb) from Marker II
(B. Mannheim) are shown.
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Figure 7.7: This figure shows the results of hybridising probe MIC to restriction
digests of total genomic DNA from isolates of R. leguminosarum bv viciae. Sizes (Kb)
from Marker II (B. Mannheim) are shown.
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Figure 7.8: This figure shows the results of hybridising probe MIC to restriction 
digests of total genomic DNA from isolates of R. meliloti. Sizes (Kb) from Marker II 
(B. Mannheim) are shown.
Figure 7.9: This figure shows the results of hybridising either of the probes V1D or 
TIE to restriction digests of total genomic DNA from isolates of R. leguminosarum bv 
trifolii. Sizes (Kb) from Marker II (B. Mannheim) are shown.
Figure 7.10: This figure shows the results of hybridising either of the probes VID or
TIE to restriction digests of total genomic DNA from isolates of R. leguminosarum bv
viciae. Sizes (Kb) from Marker II (B. Mannheim) are shown.
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Figure 7.11: This figure shows the results of hybridising either of the probes V1D or
TIE to restriction digests of total genomic DNA from isolates of R. leguminosarum bv
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Figure 7.12: This figure shows the results of hybridising the strain-specific probe T37-
3 to restriction digests of total genomic DNA from isolates of R. leguminosarum bv





Rhizobium classification and taxonomy is presently in a state of flux due to the 
advances in molecular biology which have allowed a reassessment of the Rhizobiaceae 
family based on studies at the DNA level. These methods have aided with the 
identification of mis-labelled strains and shown that several species such as R. meliloti, 
R. leguminosarum bv phaseoli and the genera Bradyrhizobium are composed of at 
least two sub-groups (Stanley et al., 1985; Young, 1985; Kuykendall et al., 1988; 
Pinero et al., 1988; Eardly et al., 1990; Martinez-Romero et al., 1991). At the outset 
of the research described in this report the most recent rhizobial taxonomy listed four 
genera, Rhizobium, Bradyrhizobium, Azorhizobium and Sinorhizobium with six, one, 
one and two recognised species respectively (Elkan, 1992). The study described in this 
report has been based on this review although a subsequent review by Martinez- 
Romero (1994) describes only three genera. The classification, from the latter review, 
is summarised in Table 8.1. The differences, in Rhizobium classification, between the 
two reviews did not affect the strains employed in this study, therefore the older 
classification was used throughout.
The aims of this research have been described previously (Chapter 1) and are 
reiterated below. Each objective is discussed, in turn, along with an analysis of its 
relevance to Rhizobium genetics.
190
Objectives:
1. To assess the use of RAPD fingerprinting for the classification and identification of 
Rhizobium, and in particular R. leguminosarum bv trifolii, isolates. This study also 
included the development of a suitable method of statistical analysis.
2. To identify and quantify species- and strain-specific DNA probes, arising from DNA 
amplification, which could be used for further studies of Rhizobium identification.
3. To derive genetic information regarding interspecies relationships.
4. To compare the results of these three main objectives with previously observed 
results.
RAPD finservrints for Rhizobium identification and classification:
The use of RAPD fingerprints for Rhizobium strain identification had been
described by Harrison et al., (1992). Using primers from this study, in single and
double primed reactions, an investigation of a larger selection of isolates from a wider
number of species was undertaken.
Using the primer SPH1 (GAC5), (which was identified from Harrison's study as
potentially the best primer for identification purposes), in single primed reaction and
the statistical methods of PCO and Cluster Analysis, with simple matching, it was
possible to classify all the isolates into their respective species from their RAPD
fingerprints (Chapter 3). This method also indicated the existence of sub-divisions
within the genera Bradyrhizobium, the species R. meliloti and the biovar R.
leguminosarum bv phaseoli at a level of 80-100% similarity. These divisions are in
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accordance with those made by other groups (Stanley et al., 1985; Young, 1985; 
Kuykendall et al., 1988; Pinero et al., 1988; Eardly et al., 1990; Martinez-Romero et 
al., 1991) and confirm the use of RAPD fingerprinting, with SPH1, as useful for 
Rhizobium, classification.
An examination of the relationships between the species, at a lower level of 
similarity, indicated that the species R. meliloti and the genera Bradyrhizobium are 
related to each other at the 75-80% level of similarity. This is evidenced by the 
association of the clusters from these two species. This observation tends to suggest 
that the R. meliloti is comprised of two sub-groups, but that one of these shares a 
degree of similarity with the lupin derived isolates of the genera Bradyrhizobium. This 
suggests that these two sub-specific groups have evolved from a common ancestor but 
have diverged in their nodulation host so that they are presently classified in two 
different genera. The observation of two sub-groups within the genera Bradyrhizobium 
has been reported previously (Stanley et al., 1985; Kuykendall et al., 1988) as has the 
detection of two sub-groups within R. meliloti (Young, 1985; Eardly et al., 1990). 
However, no previous reports of an association between Bradyrhizobium and R. 
meliloti have been made. The results found here, therefore, tend to indicate that RAPD 
fingerprinting provides a different view of Rhizobium classification which has been 
over-looked by previous methods of classification. It has therefore highlighted a 
previously unreported relationship between Rhizobium and Bradyrhizobium and may 
indicate the existence of a novel species comprising strains from these two genera. 
However, an examination of a broader range of biochemical and molecular 
characteristics may verify that present classification schemes are correct but that the 
observations from RAPD profiles indicate an older relationship which is, today, of little 
importance for classification purposes. It would be interesting to examine a larger 
selection of strains, from these two species, in order to confirm the findings made here.
Observations of PCO plots indicate that the two biovars, R. leguminosarum bv
trifolii and bv viciae, are very closely related but that R. leguminosarum bv phaseoli is
not as related to these biovars (Figures 3.2, 4.2 and 4.5). Evidence from both spatial
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orientation and Cluster Analysis, following analysis of SPH1, SPH3 and SPH3+7 
primed DNA amplification reactions, supported this observation although the SPH1 
data provided the clearest evidence. These findings were further supported by analysis 
of RAPD profiles from R. leguminosarum strains only (Figures 4.6 and 4.7) where it 
can be seen that R. leguminosarum bv trifolii and bv viciae isolates form a straight 
line, on the plot, whereas isolates of R. leguminosarum bv phaseoli form a scattered 
group. Pinero et al., (1988) have also indicated that R. leguminosarum bv phaseoli is a 
mixed group of up to seven distinct strain types. The PCO plot produced after analysis 
of SPH1 profiles, however, indicates that R. leguminosarum bv phaseoli may be 
related to the other R. leguminosarum isolates to a small degree. This may be due to a 
common ancestor which is related to strains from either R. leguminosarum bv trifolii 
or bv viciae and to one of the sub-groups forming the cluster R. leguminosarum bv 
phaseoli.
The use of two primers to produce RAPD fingerprints has been reported
(Welsh & McClelland, 1991; Caetano-Anolles et al., 1991; Fekete et al., 1992). This
method was also used to investigate the Rhizobium isolates studied previously with
primer SPH1. The PCO ordination plot produced from results obtained using the
primers SPH3 (GACGACAGCGGC) and SPH7 (CAGCCACAGCGC) in a double
primed reaction shows species separation similar to that observed with SPH1, with the
exception that the R. meliloti and Bradyrhizobium are somewhat intermingled spatially
(Chapter 4). This observation again appears to support the hypothesis that R. meliloti
and Bradyrhizobium are related to a certain degree. This ordination plot also resulted
in a better resolution of the R. leguminosarum bv trifolii and bv viciae isolates which
were indistinguishable from analysis of SPH1 derived RAPD fingerprints. However,
upon application of Cluster Analysis this apparent separation was found to be
incorrect. This result highlighted one of the problems of taking ordination plots at face
value, i.e. spatial distribution on the plot cannot be used for absolute relatedness
purposes, but only as a guide to the relative relatedness of isolates. In this case,
however, it may be possible to use the spatial distribution to classify isolates into the
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two biovars (bv trifolii and bv viciae) but not to show absolute relatedness amongst 
the strains. The spatial orientation observed does, however, indicate that detectable 
differences exist between the two biovars and that with the use of the correct primers it 
should be possible to differentiate between them.
General observations indicated that the use of primers SPH3 and SPH7, in a 
double primed reaction, is of little use for Rhizobium classification. However, the 
results obtained do indicate that double primed RAPD profiles may be of use for 
Rhizobium classification purposes although further investigations would be necessary.
As a final assessment of the RAPD fingerprints, data from different 
amplification reactions was grouped and the new set analysed using PCO and Cluster 
Analysis with simple matching. Such grouped data was strongly influenced by the 
results from SPH1 and SPH3 primed reactions. The SPH1 data acted in a positive 
manner whilst the SPH3 results were detrimental to the overall analysis. Combined 
data from SPH1 and SPH3+7 primed reactions appeared to be the most useful, 
providing a relatively accurate way to separating R. leguminosarum bv trifolii isolates 
from R. leguminosarum bv viciae isolates. However, in general combining data from 
several amplification reactions was not useful for classifying Rhizobium strains.
Statistical analysis:
When this study was initiated little work on the use of RAPD fingerprints for 
classification purposes had been reported. There was also a scarcity of statistical 
analysis methods which could be employed to analyse RAPDs from a large strain 
selection such as that used here. What was needed was a technique which could assess 
the relatedness of the strains based on the presence (1) or absence (0) of RAPD bands. 
An assessment based on the relative intensity of the individual bands was inappropriate 
due to fluctuations in band intensity observed between reactions. The statistical 
method employed also needed to clearly show trends in the data so that an assessment 
of the use of RAPDs for classification could be made, i.e. it was necessary to
determine if it was even possible to classify Rhizobium strains using RAPD profiles.
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The use of Principal Coordinates Analysis (PCO) to analyse presence/absence 
(1/0) data, as reported by Digby and Kempton (1987) appeared to meet the criteria 
needed to examine RAPD fingerprints.
Using this- method it was possible to determine strain groups based on spatial 
orientation on the PCO plot. The additional application of Cluster Analysis, using the 
simple matching coefficient, confirmed the existence of these groups and also indicated 
the existence of sub-groups within the larger clusters.
The use of the simple matching coefficient, for Cluster Analysis, was confirmed 
by repeating the analysis using the Jaccard matching coefficient. An assessment of the 
RAPD data using the Jaccard matching coefficient, although useful for species 
identification, failed to indicate the sub-species divisions within certain species. This 
observation indicated that Jaccard matching was inappropriate for RAPD profile 
analysis. The inferior results obtained with the Jaccard matching method were probably 
due to the nature of the technique which eliminates those loci which reveal no band in 
either strain. This differs from the simple matching method which would regard these 
loci as 100% similar. The simple matching technique is a better method of analysing 
RAPD fingerprints as each band is the product of two independent loci, the primer 
binding sites. This is taken into account slightly more with the simple matching method 
than with the Jaccard matching method.
The observations made from analysis of RAPD fingerprints with PCO and 
Cluster Analysis indicate that it is possible to use RAPD fingerprints to classify 
Rhizobium strains. However, PCO analysis should only be used as a guide to highlight 
trends in data therefore may not be the most appropriate method for analysing RAPD 
data. Recent reports of the use of the statistical techniques of AMOVA and HOMOVA 
to study RAPD profiles have been made (Haig et al., 1994; Stewart & Excoffier, 1996; 
Stewart et al., 1996). It would be interesting to compare the use of these methods, to 
analyse the RAPD profiles described here, with the PCO and Cluster Analysis used in 
this study.
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The results from this study indicate that it is possible to employ RAPD 
fingerprinting techniques to classify strains of Rhizobium and Bradyrhizobium. 
However, with the primers in this study (SPH1, SPH3 and SPH3+7) it is not possible 
to categorically identify strains of R. leguminosarum bv trifolii. Results from RAPDs 
produced using primers SPH3+7 do, however, indicate that discernible differences 
exist between R. leguminosarum bvs trifolii and viciae so that with the use of the 
correct primers it should be possible to clearly classify or identify isolates of these two 
biovars. The use of other primers may also permit individual Rhizobium strain 
identification so that they can be studied in the natural environment. Until then the use 




Evidence of bands common to the majority of isolates, within a single species, 
implies that these may be species-specific and therefore of potential use as species- 
specific DNA probes. RAPD products such as these were identified in R. meliloti and 
R. leguminosarum bvs trifolii and viciae and were isolated using the technique of band 
stabbing (Bjourson and Cooper, 1992). This provided a rapid method of producing 
DNA probes without the need to clone fragments.
These probes were screened for their suitability as species-specific probes by
hybridising them to Southern blots of RAPD profiles (Chapter 5), restriction digests of
total genomic DNA (Chapter 7) and colony blots (Chapter 6). The latter two methods
were found to be more discriminating when assessing the specificity of the probes. This
is probably due to the nature of the RAPD profile, which only comprises a small
percentage of the total bacterial genome therefore can easily be missing DNA which is
homologous to the probes. However, results of back-hybridisation to the RAPD
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profiles did indicate that probes V1D and TIE, although varying in size by 40 bp, were 
probably from similar regions of their respective genomes. Back-hybridising to the 
RAPDs also suggested that probes MIA and M1B share a degree of homologous 
DNA but that both show no homology with probe MIC.
The results from colony and RFLP analysis (Chapters 6 and 7) again support 
the theory that probes VID and TIE are similar as both reveal identical hybridisation 
patterns from both tests. Results from colony blots suggest that these probes may not 
be species-specific as they show a degree of homology with some strains of R. meliloti 
and may even share homologous DNA with Bradyrhizobium isolates. This observation 
was, however, not confirmed when these probes were hybridised to total genomic 
DNA digests. This anomaly may be the result of DNA fixing to cellular debris on the 
colony blots as the signal was quite weak and there was only one isolate (Rm2QQ5) 
which indicated any homology with the probes.
Cross-hybridisational activity was revealed when probes Ml A, M1B and MIC,
were screened against colony blots. These probes were seen to hybridise with strains of
Bradyrhizobium and R. leguminosarum which indicated they were of little use for
species-specific studies. Probe MIA was found to hybridise to four Bradyrhizobium
isolates which had previously been found to cluster with the R. meliloti group
following analysis of RAPD fingerprints. These two observations suggest a degree of
conservation exists between these strains. This result may, however, be in support of
those made previously by Stanley et al., (1985) and Kuykendall et al., (1988) who
both suggested that Bradyrhizobium may be a mixture of several strain types.
Sadowsky et al., (1987a) have suggested that the species R. fredii (now S. fredii
[Chen et al., 1988]) may be an evolutionary link between Bradyrhizobium and R.
meliloti. The strains used in this study have not been studied further, therefore, it is
unknown if they should be reclassified as S. fredii. However, the results obtained here
do indicate that their present classification is inaccurate. This observation is supported
by colony blot results from MIC which reveal hybridisation between the four
Bradyrhizobium isolates and this R. meliloti probe. Both probes, MIA and MIC, also
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hybridise, to a degree, with R. leguminosarum isolates which indicates the existence of 
a relationship between the species R. meliloti and R. leguminosarum. This could be 
accounted for by plasmid transfer which has been previously reported to occur 
between these two species (Djordjevic et al., 1983; Broughton et al., 1987). The low 
level of cross-reactivity observed between these two species is in accordance with an 
infrequent transfer of genetic material between the species and indicates that they are 
not closely related. It is also possible that the strains showing cross-hybridisational 
activity with the R. meliloti probes are of the species R. tropici (Martinez-Romero et 
al., 1991). This species comprises isolates formerly classified as R. leguminosarum bv 
phaseoli Type II, however, there is presently insufficient information about the strains 
used in this study to allow reclassification into this new species. The observations made 
here could, therefore, also indicate a possible relationship between the species R. 
tropici and R. meliloti.
RFLP analysis intimates that the strains comprising R. leguminosarum bv
trifolii are very homogeneous whilst those from R. leguminosarum bv viciae are more
diverse. Two bands of 2.3 Kb and 2.6 Kb were found in R. leguminosarum bv trifolii
and R. leguminosarum bv viciae respectively. These reveal that variations do occur
between the two biovars and suggest that the two different sized bands may be of use
for differentiating amongst strains of R. leguminosarum bvs trifolii and viciae. Within
the species R. meliloti similar markers of 13.8 Kb, 5.3 Kb, 4.2 Kb, 3.5 Kb and 3.3 Kb
were found when RFLP patterns were produced using M1B. The presence or absence
of these five bands from the R. meliloti isolates corresponds to R. meliloti groupings
identified from RAPD profile analysis (Chapter 3). These markers, again, should be
useful for strain differentiation. An analysis of overall RFLP patterns, produced with
M1B, resulted in an identical strain classification as that obtained from RAPD profile
analysis. These observations, therefore, lend further support to the previous findings of
sub-divisions within the species R. meliloti (Young, 1985; Eardly et al., 1990; Dooley
et al., 1993) and those described in this report. However, results from hybridising
Ml A to restriction digests indicates that both sub-groups of R. meliloti share a degree
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of homologous DNA. This, therefore, suggests that although variations do occur in 
this species the two major clusters are related. This again supports the theory that one 
of the R. meliloti clusters forms an evolutionary link between R. meliloti and 
Bradyrhizobium. .
In general, none of the potential species-specific probes, MIA, M1B, MIC, 
V1D and TIE, were found to be totally specific, and M1B even appeared to be 
universally distributed. Some of the probes, however, may be of use in controlled 
environments were a limited number of isolates are used. The probes of greatest value 
were M1B and V1D / TIE which provided a potential method for the identification 
and classification of strains from their respective species, R. meliloti and R. 
leguminosarum respectively.
Strain-specific:
Following analysis of colony blots (Chapter 6) only one potential strain-specific 
probe, T37-3, appeared to be truly strain-specific. Several of the other potential strain- 
specific probes appeared useful if used in experiments with a limited number of isolates 
or as species-specific probes. Only probe T37-3 was, therefore, used to hybridise 
Southern blots of total genomic DNA digests (Chapter 7). This low number of true 
strain-specific probes indicates the close relationship between isolates of the same 
species and intimates at the scarcity of superfluous DNA which would be of use to 
produce strain-specific probes. The presence of apparent strain-specific bands in the 
RAPD fingerprints of some isolates only indicates that there is some DNA variation 
between the strains. This is apparent by the emergence of one, or more, of the primer 
binding sites, in individual isolates, which has resulted in the appearance of potential 
strain-specific bands.
Analysis of restriction digested DNA with the probe T37-3 revealed the 
presence of a single band of 2.1 Kb in its derivative strain, ifrJJD15. This indicated it is 
of use as a strain-specific probe. It should be noted, however, that the strain-specificity
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of this probe is in relation to the eighteen isolates employed in this study and cannot be 
interpreted as a global specificity.
This result does, however, verify that RAPD profiles can be utilised to produce 
strain-specific DNA probes.
An assessment of interspecies relationships:
The present taxonomic classification of Rhizobium species has been
summarised in Table 8.1. The results obtained from this study have mirrored this
classification system in general although some deviation has been observed. An
incomplete taxonomic examination of the strains comprising R. leguminosarum bv
phaseoli, R. meliloti and Bradyrhizobium, as described in this report, has meant it is
not possible to draw absolute conclusions about interspecies relationships. This has
meant it was not possible to determine if some of the strains employed, in this work,
should be assigned to the new groups of R. tropici, R. fredii or B. elkanii. However,
the analysis of RAPD fingerprints, especially those produced with the primer SPH1,
has shown that the Rhizobium species are related at varying degrees of similarity. Most
interesting of these relationships was that between R. meliloti and Bradyrhizobium
which emerged at the 75-80% level of similarity. It was also determined that the
biovars trifolii and viciae of the species R. leguminosarum are not as closely related to
the other biovar (bv phaseoli) as they are to each other. It was also obvious that within
biovar phaseoli there were smaller sub-groups which displayed varying degrees of
relatedness to each other. This was in accordance with previously reports (Pinero et
al., 1988; Martinez-Romero et al., 1991). Some of these interspecies relationships
were confirmed by the use of DNA probes, derived from the RAPD fingerprints. It was
found that the R. meliloti probes hybridised to those Bradyrhizobium strains which
clustered with the R. meliloti following RAPD fingerprint analysis. The two R.
leguminosarum probes also reacted in a similar way even though they came from the
two biovars, R. leguminosarum bv trifolii and bv viciae. This highlighted the close
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relationship which exists between these two biovars. The use of the R. meliloti probe, 
M1B, revealed that the sub-groups within the species R. meliloti, which had been 
observed following RAPD analysis, were detectable from RFLP profiles. This method 
also indicated that there may be a second sub-group within one of the sub-groups, 
which suggests that R. meliloti is comprised of three groups of related strains, two of 
which are highly related. These highly related clusters are not detectable when RAPDs 
are produced with the primer SPH1.
In conclusion, the use of molecular techniques for the study of Rhizobium 
genetics is aiding the general understanding of their taxonomic groupings and 
classification. This has led to changes in the old species definitions which will no doubt 
continue for sometime to come. The report by Martinez-Romero, (1994), which 
contains a description of the most recent taxonomic classification has been summarised 
in Table 8.1.
Many of the molecular techniques used to classify bacterial isolates involve an 
examination of small, specific parts of the genome which is useful for individual strain 
identification but may not be appropriate for taxonomic classification. The use of 
fingerprinting techniques, especially RAPDs, examines variations over the whole 
genome which, as this report has shown, is useful for species and strain identification. 
This report has highlighted the use of RAPD fingerprinting for confirming previous 
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GENSTAT data analysis program:
open'DATAFILE.txt';channel=2 - DATAFILE.txt contains 1 and 0 data 
units [nvalues=N] -N  = the number o f samples 
text track
read [channel=2;prin=*]track,band[l...BN] - BN  = number o f bands 
symmetricmatrix [rows=track]tracksim
fsimilarity [similarity=tracksim;print=similarities] band[ 1.. ,BN];test=Simple 
delete [redefine=y]band[ 1.. .BN]
hcluster [print=amalgamations,dendrogram;method=average] tracksim 
lrv [rows=track;columns=4]latent;trackscr 
pco [print=roots] tracksim;latent 
variate score[1...4]
equate [oldformat=! ((1} -3 )N, -1 )]trackscr; score 
print track,score[1...4] 
graph score[2];score[l];symbols=track 
graph score[3 ];score[ 1 ];symbols=track 
graph score[3 ];score[2];symbols=track 
text labels;




pen 1; method=point; symbols=labels; size=.5
dgraph [title-PCO plot ordinate 1 v ordinate 2'] score[2];score[l]
open 'PLOTFILE.pcx'; channel=3; filetype=graphics - plot saved as PLOTFILE.pcx
device 3
pen 1; method=point; symbols=labels; size=.5




axes 1; yorigin=0; xorigin=0
pen 32; linestyle=l; thickness=0.75
axes 1; penaxes=32
dgraph [title-PLOT TITLE'] score[2];score[l]
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Appendix 2
SPH1 band presence O) and absence TO) data:
V I 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 1 1 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0  
V 2 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 1 0 1 0 1 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0  
V 3 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0  
V4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
V 5 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0  
V 6 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 1 0 0 0 0 1 0 1 0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0  
V 7 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0  
V 8 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0  
V 9 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1  
VA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1  
V B 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0  1 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0  1 0 0 0 0  1 0  
VC 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0  
V D 0 0 0  1 0 0 0  1 0 0 0  1 0 0  1 0 0 0  1 0  10  1 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0  
V E 0 0 0 1 0 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
V F 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0  
V G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
V H 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
V I 0 0 0 0 0 0 0  1 0 0 0 0 0 0  1 0 0 0 0 0  1 1 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0  
T1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 1 0 1 0 1 0 0  
T2 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0  
T3 0 0 0 0 0 1 0 1 0 1 0 0 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0  
T4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
T5 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0  
T6 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0  
T7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0  
T8 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0  
T9 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0  
T A 1 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 1 0 0 1 0  
T B 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0  
T C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0  
T D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0  1 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
T E 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 1 0 0 0 0 0  1 0 0 0 0 0 0  1 0 0 0  1 0 0 0 0  
T F 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0 0  
T G 0 0 0 0 0 1 0 1 0 1 0 0 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
T H 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
240
TI 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
PI 0 0 0 1 0 0 1  100001 100001000 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0  
P2 0 1 1 1 0 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
P3 0 0 1 1 0 0 0 1 0 1 0 0 1 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0  
P4 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0  
P5 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0  
P6 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0  
P7 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0  
P8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0  
P9 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0  
PA0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0  
PB 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0  
PC0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0  
PD0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 1 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0  
PE 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0  
PF 0 1 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0  
PG0 0 1 0 0 0 1 1 0 0 0 1 1 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0  
PH0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0  
PI 0 0 1 0 0 0 1 0 1 0 0 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0  
Ml 0 0 0 1 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0  
M 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0  
M3 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0  
M4 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0  
M5 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0  
M6 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0  
M7 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0  
M8 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0  
M9 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0  
MAO 0 0  1 0 0 0 0 0 0  1 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0  
M B 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0  
MC 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0  
MDOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO1 0 0 0 0 1 0 0 0 1 0 1 0 0 0  
M E 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0  1 0 0 0 0 0 0 0 0 0  1 0 0  1 0 0 0  1 0 0 0 0 0 0 0 0 0  
M F 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0  
MG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0  
M H 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0  1 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0  
B1 0 0 1 0 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 1  
B2 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
241
B 3 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0  
B 4 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0  
B5 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0 1 0 0 0 0 0 1  
B6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0  
B 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 0 1  
B 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0  
B9 0 0 0 0 0 1 0 1 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 0 0 1 0 1 0 1 0 0 0 0 0 0  
B A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 1 1 0 1 0 0 0 1 0 1  
B B 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0  
B C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0  
B D 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0  0:
242
Appendix 3














§15331551515s 5555553f 53f 5555s 5555515333553511355 
§1553133533535s5535515i55315333833385511533355133 
§3155313515551555555555 555355155553335535533355533 
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Appendix 4
Similarity matrix from SPH1 data produced using the Jaccard matching coefficient:
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SPH3 presence (1) and absence (0) data:
T1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0  
1 0 0 0 0 0 0 0
T2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0  
0 1 0 0 0 0 0 0
T3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0
T4 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 1 1 0 1 0 1 0 0 0 1 1  
0 1 0 0 0 0 0 0
T5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0  
0 0 0 0 0 0 0 0
T6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0
T 7 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 1 0 0 1 0 1 0 0 1 0 1 0 1 1 0 0 0 1 0 1 0 1 1 1 0 0 0 0 1 0 0 0 0  
0 1 0 0 0 0 0  1
T 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 1 0 0 0 1 1 0 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0
T9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
T A 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 1 0 0 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0
T B 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 1 0 0 1 0 0 1 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0
0 0 0 0 0 0 0 0
T C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 1 0 0 1  
0 0 0 0 0 0 0 0
T D 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 1 0 1 1 0 1 0 0 1 0 0 0 0 0 0 1 0 1 0
0 0 0 0 0 0 0 0
T E 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 1 1 0 0  1 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0  0
TFOOOOOOOOOO 1 0 0 0 0 0 0  1 0 0 0  1 0 0  1 0 0 0 0  1 0 0 0  1 0 0 0  1 0  1 0 0  1 0 0 0 0  1 0 0 0 0  
0 0 0 0 0 0 0 0
T G 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 1 0 1 1 0 1 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0  
0 0 0 0 0 0 0  1
T H 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 0 1 0 0 1 0 0 0 1 0 1 0 0 1 1 1 0 1 0 0 0 1 0 1 1 0 1 0 0 1 0 0 1 0
0 0 0 0 0 0 0 0
247
TI 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 1 0 1 0 1 0 1 0 0 0 0 1 0 1 0 0 0 0 0 1 0 1 0  
0 0 0 0  1 0 0 0
VI  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 1 0 0 1 0 1 0 0 0 1 1 0 0 1 0 1 0 0 0  
0 0 0  1 0 0 0 0
V2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0  
0 0 0 0 0 0 0 0
V3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 1 0 0 1 0 1 0 0 1 0 0 0 0 1 0 1 0 0 0  
0 0 0  1 0 0 0 0
V4 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0  
0 0 0 0 0 0 0 0
V5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
V6 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 1 0 0 1 1 0 0 0 1 0 1 0 0 0  
0 0 0  1 0 0 0 0
V7 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 0 1 0 0 0 1 1 1 0 0 1 0 1 0 0 0 1 1 0 0 0 1 0 1 0 0 0  
0 0 0 0 0 0 0 0
V8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1 1 1 0 0 1 0 1 0 1 0 1 0 0 1 0 0 1 0 1 0  
1 0 0 0 0 0 0 0
V9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 1 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 1 0  
0 0 0 0 0 0 0 0
V A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 1 0 0 0 1 0 1 1 0 0 1 0 0 0 0 0 0 1 0  
0 0 0 0 0 0 0 0
VBOOOOOOOOOOOOO 1 0 0 0  1 0 0 0 0  1 0 0 0 0 0 0 0  1 0 0  1 0 0  1 0 0 0  1 0 0  1 0 0 0 0  1 0  1 0  
0 0  1 0 0 0 0 0
VC 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 1 0 1 0 1 0 1 0 0 0 0 1 0 0 0 1 0 0 1 0 0 1 1 0 1 0 0 0 0 0 1 0 0  
0 0 0 0  1 0 0 0
V D 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0  1 0 0 0 0  1 0 0 0  1 0  1 0 0 0 0  1 0 0  1 0 0  1 1 0 0 0 0  1 0 0 0 0 0 0 0 0  
0 0 0  1 0 0 0 0
V E 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0  1 0 0 0 0  10  1 0 0  1 1 0 0 0 0  1 0 1 0 0 0 0 0 0 0  1 0 0 0 0 0 0  1 0 0 0  
1 0 0 0 0 0 0 0
V F 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 1 1 1 0 1 0 0 0 0 1 0 1 0
1 0 0 0 0 0 0 0
VG0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 0 1 0 1 0 0 0 1 0 1 1 1 0 1 0 0 1 0 0 0 1 0  
0 0 0 0 0 0 0 0
V H 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 0 1 1 0 0 1 1 1 0 1 0 1 0 0 0 0 1 0 0 0  
0 0 0  1 0 0 0 0
V I 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 1 0 1 0 1 1 0 0 0 1 0 0 0 1 0 0 1 0  
0 0 0  1 0 0 0 0
248
PI 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 1 1 0 0 0 0 1 0 1 0 0 1 0 0 0 1 0 1 0 0 0  
0 0 0 0 0 0 0 0
P2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 1 1 1 0 0 1 1 0 1 0 1 1 0 1 0 0 1 0 1 0 0 0  
0 0 0 0 0 0 0 0
P3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 1 0 0 1 0 1 1 0 0 0 0 0 1 0 1  
0 0 0 0 0 0 0 0
P4 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 0 0 0 1 0 1 0 0 1 0 0 1 0 0 1 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0  
10 1 00000
P5 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 1 0 0 1 0 0 1 0 1 0 0 0 1 0 0 1 0 1 0 0 0 1 0 1 0 0 0 0  
0 0 0 0 0 0 0 0
P6 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0  
100 10000
P 7 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 1 0 1 0 0 1 1 0 1 0 1 0 1 1 1 1 0 1 0 0 0 1 0 0 1 0 0 0  
1 0 0 0 0 0 0 0
P 8 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 1 0 0 1 1 0 1 0 0 1 0 1 0 1 0 0 1 0 1 0 1 0 0 0 0 0 0 1 0  
0 0 0 0 0 0 0 0
P 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 1 0 1 0 0 1 1 0 0 0 0 1 0 0 0 1 1 0 1 0 1 1 0 0 1 0 1 0 0 0 0  
0 1 0 0 0 0 0 0
PB0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 1 1 1 0 1 0 0 1 0 1 0 0 0 0  
0 1 0 0 0 0 0 0
PC 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 1 0 0 1 1 0 1 0 1 0 1 0 0 1 0 1 1 0 0 1 0 1 0 0 0 0  
0 0 0 0 0 0 0 0
PD0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 1 0 1 0 1 1 1 0 0 0 0 0 0 0 0  
000  10000
PE 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 1 1 0 1 0 1 0 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0  
000  10000
PF0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 1 0 1 0 1 0 0 0 1 1 0 1 0 1 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
PG0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 1 0 0 1 0 1 1 1 1 1 1 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0
PH0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 1 0 1 0 0 1 1 0 1 0 0 0 1 1 1 1 1 1 0 0 1 0 1 0 0 1 1 0  
0 0 0 0 0 0 0 0
PI 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0  
0 0 0 0 0 0 0 0
Ml 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0 1 1 0 1 0 1 0 0 0 0 0 0 1 1 0  
0 0 0  1 0 0 0 0
M 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 1 1 0 0 1 0 0 1 0 1 0 0 0 1 0 1 1 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0  
0 1 0  1 0 0 0 0
249
M3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 1 0  
0 0 0 0 0 0 0 0
M4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
M5 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 1 1 1 0 1 0 0 0 1 0 1 1 1 1 0 0 1 0 0 0 1 1 0  
0 10000  10
M6 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 1 0 0 1 1 0 1 0 0 1 1 0 1 1 1 0 1 0 1 0 0 0 0 1 1 0  
10 100000
M7 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 1 0 0 1 0 0 1 0 1 0 1 0 0 0 1 0 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
M8 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 1 0 0 1 0 1 0 0 1 1 0 0 0 0 0 1  
0 0 0 0 0 0 0 0
M9 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 1 0 0 1 0 0 1 0 1 0 0 0 1 0 1 1 0 0 1 0 1 1 0 1 0 0 1 0 0 1 0  
1 0  1 0 0 0 0 0
M A 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 1 0 1 0 0 1 0 0 1 0 1 0 0 1 1 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0
10 0 0 0 0 0 0
M B 0 0 0 0 0 0 0 0 0 0 0 0 0 1  1 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 1  1 0 0 0 0 1  1 0 1 0 1 0 0 1 0 0  
00 100000
MC0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 1 1 0 1 0 0 0 0 1 1 0  
1100 0 0 0 0
M D 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 1 0 1 0 0 1 0 0 1 0 1 1 1 0 1 1 1 0 0 1 0 1 0 0
0 0 0 0 0 0 0 0
M E 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 1 0 1 1 0 0 0 1 0 1 1 0 0 0 1 0 1 0 0 1 1 0 0 0 0 0 0 0 1 0  
00 100000
M F 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 1 1 0 1 0 1 1 0 0 0 0 1 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0
MG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
MHOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 1 0  1 0 0 0 0 0  0 0 0 0 0  0 1 0 0 0 0  0 0  
0 0 0 0 0 0 0 0
B 1 0 0 0 0 0 1 0 0 0 1  1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1  1 1 0 0 0 1  1 0 1 0 0 1 0 0 1 0 1  1 0 0 0 1 0 0 1 0  
10000000
B 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 1 0 0 1 0 0 1 0  
00 100000
B 3 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0 0 1 0  
1 0  1 0 0 0 0 0
B 4 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0 1 1 0  
1 0  1 0 0 0 0 0
250
B 5 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 1 0 1 0 0 0 0 1 0 0  
0 0 0 0 0 0 0 0
B 6 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
B 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
B 8 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 0 1 0 0 1 0 1 0 1 0 1 0 1 1 0 0 0 0 0 1 0 0  
0 1 0 0 0 0 0 0
B 9 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 1 1 0 0 1 1 0 0 1 0 1 0 0 1 1 0 0 1 0 1 0 0  
0 100  1000
B A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 1 1 0 0 0 0 0 1 0 0 1 0 0 0 0  
000  1 0000
BB0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 0 1 1 0 1 0 0 1 1 0 1 1 0 0 1 0 0 1 0 0 1 0 0  
0 1 0 0 0 0 0 0
BC0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 1 0 0  
1 0 0 0 0 0 0 0
BD0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0  
0 1 0 0 0 0 0 0
251
Appendix 6
Similarity matrix from SPH3 data produced using the simple matching coefficient:
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§ P 3 P 3 P 3 P P P P 2 2 2 P 3 P 2 3 3 P 2 3 S P 3 3 P S 2 2 2 S P P 3 2 P 2 2 2
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§ P 3 3 3 3 P P 3 P S P P P 3 P 3 S 8 3 P 2 P 8 2 P 3 P 2 P P P P P P P 3 P P P S P P P S
i p p s p p p p s p p p p s p p p s p s s p s p s s p s p s p p p s S S S s s p p p p p s p
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P P 5 P s S 2 S 3 3 5 S P P P P S P P 2 P P P 5 2 P 2 3 S 3 P P P = 2 P P p p p p j e p s j e p 3 P
P P 3 P 3 S S S S S S S P P P P S P P S P P S S I S S S S S P P P S S P P p p p p p p p S P 3 P
5 P P s s p s p s s s p s s p s p s p s s s s p s s p p s p S p s p s s s S 3 P S S 3 S P P P 2
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ass s s P P 3 8 3 P P P 3 P P 3 S S 3 P P S S P P 3 2 S 3 3 3 P P P S P 3 S P 2 P S 8 P S S 3
pis P S P P P S P P 2 2 P P P P P 2 P P P P P P P 2 S P P P S P 2 = S = P P 2 P P 2 R P P P P
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SPH3+7 presence (1) and absence TO) data:
T 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0  
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0  
1 0 0 0 0 1 0 1 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0  
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 1 0 1 0 1 0 0 0  
0 0 0 0 0  10 10 1 1 0 0  1 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0  100  1 0 0  1 0 0  1 0 0 0 0 0  1 0 0  1 0 0 0 0  1 0 0 0  10 0  
0 1 0 1 0 1 0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T 4 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 1 1 0 1 0 1 0 0 0 1 1  
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0  1 0 0 0 0  1 0 0  1 0 0  1 0 0 0  10 10 0  
0 0 0 0 0  10 1 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0  10 1 0 0  1 0 0 0 0 0 0 0  1 0 0 0  1 0 0  1 0 0  1 0 0  
0 0 0 1 0 1 0 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T 7 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 1 0 0 1 0 1 0 0 1 0 1 0 1 1 0 0 0 1 0 1 0 1 1 1 0 0 0 0 1 0 0 0 0  
0 1 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0 0 0 0  1 1 0  1 0 0 0  1 0 0 0 0 0 0  
0 0  1 0 0 0 0 0 0  1 0 0 0 0 0  110  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 1 0 0 0 1 1 0 0 0 1 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0  1 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0  1 0 0 0 0  
0 0 0 0  10 1 0 0 0  10 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0  1 0 0 0  1 0 0 0 0 0 0 0  10 10 1 0 0 0 0 0 0 0 0 0 0  
0 1 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T A 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 1 0 0 0 0 1 0 0 0 0  
0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0  0 0 0  
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T B 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 1 0 0 1 0 0 1 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0  10 1 0 0 0 0  1 0 0 0 0  10 1 0 0 0 0 0  1 0 0 0 0  
0 0 0 0  1 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
254
T C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 1 0 0 1  
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0 1 0 0 0 0  
0 1 0 0  1 0 0  1 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T D 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 1 0 1 1 0 1 0 0 1 0 0 0 0 0 0 1 0 1 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0  0 0  
0 1 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
T E 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 1 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0
0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TFOOOOOOOOOO 1 0 0 0 0 0 0  1 0 0 0  1 0 0  1 0 0 0 0  1 0 0 0  1 0 0 0  1 0  1 0 0  1 0 0 0 0  1 0 0 0 0  
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 0 0 1 1 0 0 1  
0 000  10 10000  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M E 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 1 0 1 1 0 0 0 1 0 1 1 0 0 0 1 0 1 0 0 1 1 0 0 0 0 0 0 0 1 0  
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0  1 000000  1000 10 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M F 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 1 1 0 1 0 1 1 0 0 0 0 1 0 0 0 0 0 1 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0  1 0 0 0  1 0 0 0 0 0  10 10 
0 0 0 0 0 0  1 0 0 0 0 0  1 0 0 0 0 0  1 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0
M G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0  1 0 0 0  10 1 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0 0 0  1 0 0 0  
0 0 0 0  10 10 1 0 0 0  1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MHOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0  10 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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B1 0 0 0 0 0 1 0 0 0 1  1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1  1 1 0 0 0 1  1 0 1 0 0 1 0 0 1 0 1  1 0 0 0 1 0 0 1 0  
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0  1 0 0 0 0  1 0 0 0 0  1 0 0 0 0 0  1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  1 0 0 0 0 0 0  1 1 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0  1 0 0 0
B 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 1 0 0 1 0 0 1 0  
0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0  
0 0 0 0 0  1 0 0  1 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B 3 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0 0 1 0  
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0  
0 0 0 0 0  1 0 0  1 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B 4 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0 1 1 0  
10 1 0 0 0 0 0 0  0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0  10 0 0 0  
0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B 5 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 1 0 1 0 0 0 0 1 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 1 0  1 0 0 0  1 0 0 0 0 0 0 0  1 0 0 0  10 1 0 0 0 0 0 0  1 0 0 0 0 0  
0 0 0  1 0 0 0  10 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0 0 0 0 0 0
B 6 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 0 0 0  1 0 0 0 0 0 0 0 0 0 0  1 0 0 0  10 1 0 0 0  1 0 0  
0 0 0 0 0 1 0 0 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
B 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  10 100  1 0 0 0 0  1 0 0  1 0 0 0 0 0 0  10 1 0 0 0  
0 0 0 0 0 0 0  1 0 0  10 1 0 0 0  10 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
B 8 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 0 1 0 0 1 0 1 0 1 0 1 0 1 1 0 0 0 0 0 1 0 0  
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0 1 0 1 0 1 0 1  
0 0  0 0 0 0 0 0  1 0 0 0  1 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0  1 0 0  1 0 0 0 0
B9 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 1 1 0 0 1 1 0 0 1 0 1 0 0 1 1 0 0 1 0 1 0 0  
0 1 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0  
0 1 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  10 1 0 0 0 0 0 0 0
B A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 1 1 0 0 0 0 0 1 0 0 1 0 0 0 0  
0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0  10 1 0 0 0  1 1 0 0 0 0 0 0 0 0  1 0 0  1 
0 0 0 0 0 0 0 0  1 0 0 0 0 0  1 0 0 0 0  1 1 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0
B B 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 0 1 1 0 1 0 0 1 1 0 1 1 0 0 1 0 0 1 0 0 1 0 0  
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0  
0 1 0 0 0 1 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0
B C 0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 1 0 0  
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 1 0 0 1 0 1 0 0 0 1 0 0 0  
0 0 0 0 0  1 0 0  1 0 0 0  1 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0
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B D 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0  
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0 0  
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0  0:
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Appendix 9
similarity matrix from SPH1 &SPH3 data produced using the simple matching
coefficient:
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